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The Developing Nucleus Accumbens Septi: Suceptibility to Alcohols Effects
Rex Montgomery Philpot
ABSTRACT
The mesolimbic dopamine (DA) system has been implicated in providing the basis of
pleasure, guiding the general mechanism of reinforcement as well as motivation. Support
for these roles have grown from neurochemical research in the field of addiction. It is
now well known that DA activity increases in the nucleus accumbens septi (NAcc) with
exposure to addictive substances. Moreover, pharmacological manipulation of this
system produces predictable changes in the administration of drugs of abuse, as well as
natural reinforcers. This system is responsive to natural reinforcers and addiction may be
the transference of routine mesolimbic function to environmental stimuli predictive of
drug administration. The role of the NAcc in addiction specifically appears to be the
facilitation of attention to drug-paired stimuli and addiction may be the behavioral
manifestation of conditioned NAcc DA reactivity to the presence of drug-related stimuli.
Although these findings have been reported in adults, few stud ies have focused on
adolescence, the time when drug use/abuse begins. Adolescents may be particularly
susceptible to addiction when considered in the light of this hypothesis. Recent research
has revealed that the mesolimbic system of periadolescent animals is undergoing
dramatic transition in functional tone. DA receptor and transporter levels are up
regulated, synthesis rates are altered, and innervation from prefrontal cortex (PFC),
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involved in regulating tonic and phasic DA activity, is increasing. Consequently, during
adolescence there is a dramatic change in tonic DA levels, variations in phasic responses
to acute drug administration and alterations in how the system adapts to repeated drug
exposure. The present study utilizes the procedures of conditioned place preference,
Novelty preference and in vivo microdialysis to determine how this conditioning process
changes during the period of adolescence. The results indicate that adolescents are
different from adults not only on behavioral measures associated with drug abuse, but in
their neurochemical responsiveness to alcohol, and that these differences are related to a
general developmental aspect of adolescence that renders them susceptible to addiction.

viii

INTRODUCTION

The Problem of Adolescent Substance Use
The initiation of drug use increases dramatically during adolescence. By twelfth
grade, approximately 80.3% of U.S. adolescents have used alcohol at some time, an
increase from 51.7% for 8th graders (SAMHSA 2003a). Adult lifetime prevalence data
indicate 81.3% have had experience with alcohol, a rate only slightly higher than in
adolescence, suggesting that during adolescence most ind ividuals have their first
experience with the drug. Importantly, the rate of initiation of alcohol use among those 18
and younger nearly doubled from 1990 to 2000 (SAMHSA 2003b) revealing a decade
long rise in the initiation of use in the adolescent population. Recent statistics reveal that
17.3% of 12-17 year olds are currently using alcohol, an increase from 16.4% in 2000,
and the rate of current use increases tremendously during this time (SAMHSA 2003b). A
reported 2.6% of 12 year olds have used alcohol within the past month. However, by 17
years of age this rate has increased to nearly 35.0% (SAMHSA 2003a). Additionally,
10.6% and 2.5% of those in this age range are binge users or heavy drinkers respectively,
and the rate of substance abuse or dependence is 8.9%, and an estimated 1.5 million at
this age in need of treatment for an alcohol problem (SAMHSA 2003b). These data
indicate both a significant initiation of use in early adolescence, a rapid increase in use
and a significant risk of addiction during the adolescent period.
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Many reports have indicated a disturbing relationship between age of drug use
initiation and subsequent rates of substance related problems (Kandel 1982; Kandel and
Logan 1984; Robins and Przybeck 1985; Kandel and Davies 1992; Breslau et al. 1993;
Anthony and Petronis 1995; DeWit et al. 2000). The lifetime prevalence of drug
dependence problems is significantly higher in those initiating drug use prior to the age of
15, than in those initiating use after this time (Robins and Przybeck 1985). In 2002 17.9%
of adults whose first experience with alcohol was prior to 15 years of age were classified
with abuse of, or dependence on, alcohol as adults; This is in contrast to 3.7% of adults
whose first alcohol experience was after the age of 18 (SAMHSA 2003b). These results
do not appear related to differences in the total duration of use. Anthony and Petronis
(Anthony and Petronis 1995) report that the highest probability of developing drug
related problems within one year of initiation is among 15 year olds (19.01%) and is
lowest for those 18 or older (9.36%). Additionally, the probability of developing
problems within seven years of initial use decreases as a function of age, 68.07% for
those 12 years or younger compared to 26.71% for those 18 or older. These statistics can
be interpreted as those predisposed to addiction tend to initiate drug use earlier in life,
however an alternate interpretation is available. There is some evidence to suggest that
personality characteristics associated with substance abuse and addiction (risk taking,
impulsivity, novelty seeking) exhibit a developmental trajectory that peaks in
adolescence and that this association ‘may be propelled by the physiological changes of
puberty’ (Martin et al. 2002). This suggests that a biological transition produces
behavioral patterns that increase the probability of initial substance use and that this use
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may interfere with the normal developmental trajectory, increasing the probability of
substance abuse or dependence.
Sensation Seeking and Substance Use
The personality trait of sensation seeking has a well-established association with
drug use initiation, regular drug use and addiction vulnerability (Kilpatrick et al. 1976;
Zuckerman 1979; Zuckerman and Neeb 1979; Zuckerman 1983; Pedersen 1991; Bates et
al. 1994; Zuckerman 1994; Franques et al. 2000). This trait is characterized by the
“seeking of varied, novel, complex, and intense sensations and experiences, and the
willingness to take physical, social, legal, financial risks for the sake of such experiences”
(Zuckerman 1994). Recent reports suggest that sensation seeking can be shaped by
experiences (Bardo et al. 1996), and more importantly, that it exhibits a developmental
trajectory, with demonstrable elevations in adolescence (Zuckerman 1994). As previously
mentioned, several reports indicate an increased risk of substance abuse or addiction
contingent upon the age of use initiation (Kandel and Logan 1984; Anthony and Petronis
1995; DeWit et al. 2000). Recent studies have demonstrated a relationship between
developmental increases in sensation seeking and current and long term drug use in the
adolescent population (Martin et al. 2002; Crawford et al. 2003).
Research in rodents has attempted to establish the relationship between sensation
seeking, drug addiction and developmental neurobiology. Using novelty preference as a
measure, researchers have determined that novel stimuli activate the same brain regions
[the mesolimbic dopamine (DA) system] that mediate the rewarding effects of addictive
compounds (Bardo et al. 1996). Attraction to novelty is a quantifiable component of
sensation seeking that is useful in drawing parallels between the human condition and
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animal models of substance abuse. The preference for novelty has been successfully
utilized as an indicator of sensation seeking in humans (Gunnarsdottir et al. 2000) while
research in rodents reveals a strong relationship between novelty preference and
sensitivity to psychomotor stimulants. Rats with higher novelty-preferences: 1)
demonstrate greater sensitivity to the locomotor effects of amphetamine; 2) are more
easily conditioned with amphetamine in a conditioned place preference (CPP) paradigm
(discussed below) and 3) are more sensitive to and more accurately discriminate
amphetamine doses (Bevins et al. 1997; Klebaur and Bardo 1999) supporting the
contention that the novelty preference paradigm, like sensation seeking in humans, is a
reliable indicator of addiction vulnerability.
Conditioned Place Preference and Drug-Induced Motivation
The CPP procedure allows for the measurement of the motivational capacity of an
associated stimulus. In this paradigm subjects are not reinforced for a behavior, but rather
receive multiple pairings between a neutral context and an unconditioned stimulus. The
tendency to approach or avoid the stimulus paired context when give free access is
presumed to represent the appetative or aversive capacity of the unconditioned stimulus.
Therefore, in the case of drug- induced conditioning, the demonstration of a CPP or
conditioned place aversion (CPA) represents the motivational capacity of the examined
drug (Bardo and Bevins 2000).
In adults, associative conditioning procedures induce demonstrable place
preferences using natural rewards such as food (Papp 1988; Guyon et al. 1993; Perks and
Clifton 1997) or sexual stimuli (Miller and Baum 1987; Hughes et al. 1990; Mehrara and
Baum 1990). Further, a CPP is routinely reported using psychomotor stimulants (cocaine
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or amphetamine) as the Unconditioned Stimulus (US) (for review see (Tzschentke 1998).
However, in rats there have only been limited reports of ethanol producing a CPP and the
effectiveness has been dependent upon pre-exposure (Reid et al. 1985; Gauvin and
Holloway 1992; Holloway et al. 1992; Bienkowski et al. 1995), extensive pairings
(Bozarth 1990) or the use of selectively bred ethanol preferring lines (Colombo et al.
1990). Induction of an ethanol CPP has been more successful in mice {for discussion see
(Cunningham et al. 1993)}. However, regardless of species, without additional
manipulation ethanol typically induces a CPA (Stewart and Grupp 1986, 1989; Gauvin
and Holloway 1992; Holloway et al. 1992; Schechter and Krimmer 1992) or has no effect
(Asin et al. 1985) on place preference.
Neurochemistry, Reward and Drugs of Abuse
A common feature of all drugs that induce a CPP is the ability to alter
neurochemical activity in the midbrain and limbic system (White 1996; Koob and Nestler
1997; Leshner and Koob 1999). In the mid-1950's researchers James Olds and Peter
Milner discovered that electrical stimulation of the medial forebrain bundle (MFB)
produced a CPP, suggesting that activation of these projection fibers was rewarding (Olds
and Milner 1954). This discovery implicated the neurotransmitter systems that comprise
the MFB (dopamine, norepinephrine, serotonin) as central to the reward process
(Fouriezos et al. 1978; Speciale et al. 1978; Wise 1978; Olds and Fobes 1981). The use of
histofluorescence techniq ues has revealed a strong correspondence between brainstimulation reward sites and dopamine (DA) systems that pass through the MFB
(Dahlstrom and Fuxe 1964; Fuxe 1965; Arbuthnott et al. 1970; Wise 1981) suggesting
that DA systems are the critical components for the reward mediating capacity of the
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MFB. Substantial evidence supports the notion that DAergic systems mediate the
motivational component of hedonic behaviors such as drinking, eating and sexual activity
(Heffner et al. 1977; Wise et al. 1978; Zigmond et al. 1980; Xenakis and Sclafani 1981;
Geary and Smith 1985; Hoebel 1985; Schneider et al. 1986; Blackburn et al. 1987; Smith
and Schneider 1988; Weatherford et al. 1990; Tyrka and Smith 1993; Hsiao and Chen
1995; Hsiao and Smith 1995). Additionally, systemic or central administration of DA
agonists can produce a CPP and DA agonists and antagonists can alter operant behaviors
in a fashion indicative of altered reinfo rcement (Yokel and Wise 1975; Phillips and
Fibiger 1978; Gallistel and Karras 1984; Koob and Hubner 1988). These data suggest a
central role of DA in the administration of abusable drugs, specifically that animals can
monitor drug- induced states and alterations in drug efficacy related to DA systems,
modifying behavioral output to compensate for neurochemical changes.
One DA system implicated in these motivated behaviors is the mesocorticolimbic
pathway, originating in the ventral tegmental area (VTA) and projecting to the limbic
system (e.g. nucleus accumbens septi (NAcc), amygdala, hippocampus, septum, olfactory
bulb, bed nucleus of the stria terminalis) and prefrontal cortex (Le Moal and Simon
1991). The mesolimbic structure most frequently implicated in mediating these DAergic
processes is the NAcc, which receives DAergic input from the VTA and constitutes one
of the projection areas of the MFB. Manipulations that directly stimulate the DA
receptors in the NAcc reinforce many behaviors (Olds and Fobes 1981).

Electrical

stimulation of the NAcc itself, or any of the pathways which result in increased DA
efflux within the NAcc, produces behavioral reinforcement and animals will lever press
for this stimulation (Arbuthnott et al. 1970; Crow 1971; Anlezark et al. 1972; Crow
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1972a, 1972b; Anlezark et al. 1973; Crow 1973; Anlezark et al. 1974; Anlezark et al.
1975; Ranaldi and Beninger 1994). Additionally, injections of DA agonists into the NAcc
have rewarding effects producing a CPP (Hoebel et al. 1983). This region also appears to
be directly involved in the reinforcing effects of cocaine (Moghaddam and Bunney 1989)
and the administration of numerous drugs, including alcohol, all elicit a significant
increase in DA levels in the NAcc (Phillips et al. 1983; Koob 1992a, 1992b; Koob et al.
1994; Koob 1996; Phillips and Shen 1996; Koob 1999, 2000). These data implicate
dopaminergic (DAergic) activity, specifically in the NAcc, as critical in the process of
drug- induced reinforcement and possible addiction and implicates DA and the NAcc as
key areas for investigation regarding the unique profiles observed in adolescent drug use.
Adolescence, NP, CPP and Neurochemistry
Adolescence in the rodent has been defined using various factors indicative of
developmental transition in human adolescents. These factors include changes in
behavioral patterns, in hormonal patterns, and/or in primary sexual characteristics. In a
comprehensive review (Spear 2000) argues that adolescence cannot be defined based
solely on the characteristics we associate with puberty and sexual maturation, but that
adolescence is a period of ‘soft events’ that should be viewed as a period of transitions
that cannot be clearly delineated. Using the appearance of growth spurt, pruning of
excitiatory synapses as well as unique behavioral transitions in the rat (increased peer
interaction and play; exploratory behavior in the wild) Spear defines adolescence broadly
from postnatal day (PND) 28 to PND 42, with the acknowledgement that in males some
traits may appear as late as PND 55 (Spear 2000). Other reviewers report similar broad
classifications defined by the appearance of mature hormonal cycling (PND 28-30) and
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the subsequent appearance of reproductive maturity (as late as PND 60 in males) (Smith
2003). Within this broad range some researchers have identified the categories of early(PND 21-34), mid- (PND 34-46) and late- (PND 46-59) adolescence centered around the
appearance of puberty (between PND 33-44) and bracketed by weaning (PND 21) and
reproductive maturity (PND 59) (Tirelli et al. 2003).
Using this temporal frame to study adolescence, there appears to be parallel
developmental trajectories in the NP of rodents and sensation seeking in human
adolescents. Adolescent mice demonstrate greater novelty preference (Adriani et al.
1998), and human adolescents exhibit elevated sensation seeking scores (Zuckerman
1994), than adult counterparts. The presence of these developmental patterns in
laboratory animals suggest a biologically driven developmental trajectory underlying
sensation seeking that is indicative of increased risk of drug use and subsequent addiction
in the adolescent population. A recent report by Martin et al (Martin et al. 2002) supports
the adolescent transition and biological basis of sensation seeking in humans.
Programmed changes in the central nervous system structures involved in reward and
reinforcement may underlie this developmental pattern in NP, however the use of CPP to
measure transitions in reward in the adolescent has been a neglected area. Amphetamine
and cocaine have been shown to induce a CPP in animals as young as 3 weeks of age and
into adolescence (Laviola et al. 1992; Cirulli and Laviola 2000; Tirelli et al. 2003;
Schramm-Sapyta et al. 2004). Additionally, nicotine has been demonstrated to induce a
CPP in adolescent animals (Vastola et al. 2002) or alleviate an aversion . These studies
substantiate the effectiveness of the paradigm in evaluating drug conditioning in the
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developing animal. However, prior to this project no published studies have demonstrated
ethanol- mediated place conditioning in the adolescent animal.
Research has examined the developmental patterns of DA (Anderson et al. 1997),
DA receptors (Hedner and Lundborg 1985; Andersen and Gazzara 1994; Andersen and
Teicher 2000; Andersen et al. 2002) and transporters (Coulter et al. 1996, 1997) through
adolescence. Neurochemically, basal DA synthesis in the NAcc are lower in PND 30 than
PND 40 rats and turnover rates for PND30 animals is less than reported in adults
(Anderson et al. 1997). Research on DA receptor populations indicates a pattern of
overproduction and pruning that occurs across adolescence in a sex-specific manner
(Teicher et al. 1995; Andersen et al. 1997). This pattern is true in humans as well
(Seeman et al. 1987). The density of D1, D2, and D4 receptors in the NAcc increases to a
peak at PND 28, then declines significantly to adult levels at PND 60 (Tarazi and
Baldessarini 2000). Furthermore, D3 receptor numbers appear to increase monotonically,
with some reports finding adult levels at weaning (Demotes-Mainard et al. 1996) but
others finding D3 levels in weanlings far lower than adults (Stanwood et al. 1997). In
conjunction with receptor density changes, D1 stimulatory and D2 inhibitory effects on
adenylyl cyclase production are less apparent in adolescence than adults (Andersen and
Teicher 2000). Parallel to these changes, DA transporter levels are undergoing
developmental changes, increasing in concentration in the NAcc to adult levels through
adolescence (Coulter et al. 1996, 1997).
Summary
The data are clear that the adolescent is unique with respect to drug use tendencies
and vulnerability to addiction. The characteristic of sensation seeking has long been
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reported as an indicator of increased risk for addiction and there is a developmental
transition in this trait, peaking in adolescence. This suggests the possibility of a
developmental transition in the rewarding or reinforcing efficacy of drugs of abuse that
peaks in adolescence. The use of CPP procedures in adolescent animals has provided
some evidence, albeit limited, that adolescents find abused substances more rewarding.
This may be due to the adolescent development of the mesolimbic DA system, the NAcc
and brain regions that modulate its activity. Significant evidence indicates that the NAcc
is a central player in the reward response to drugs of abuse and a growing body of
literature indicates that these regions are neurochemically distinct in the adolescent. Spear
(2000) has suggested that this neurochemical transition represents a developmental
trajectory within which the adolescent animal begins to explore its potential and develop
independence. It is suggested here that because drugs of abuse act through this
developing system, that exposure to alcohol during this time can alter the programmed
pattern of development, rendering the individual at increased risk to develop subsequent
alcohol related problems. The present study utilized the methods of NP, CPP and
microdialysis to evaluate adolescent transitions in sensation seeking, ethanol reward and
ethanol- induced effects, acute, repeated and expected, on reward related behavior and
neurochemistry.
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ADOLESCENT TRANSITIONS IN NOVELTY PREFERENCE

Abstract
Recent research has revealed a strong relationship between a rodent's preference
for novelty and sensitivity to psychomotor stimulants. Animals with exhibiting a high
response to novelty are more easily conditioned with amphetamine in a conditioned place
preference (CPP) paradigm, and are more sensitive to and more accurately discriminate
amphetamine doses.

In humans, novelty preference (NP) is used as an indicator of

sensation seeking which is strongly correlated with addiction vulnerability. Evidence
suggests that preference for novelty and drug-taking behaviors are mediated by the
mesolimbic dopamine (DA) system, specifically the nucleus accumbens septi (NAcc).
During adolescence there are substantial developmental changes in the mesolimbic
system, with significant over production and pruning of DA receptors, changes in DA
synthesis, increases in DA transporter levels, and differential activation of DA-regulated
second messenger systems. The behavioral measure of NP appears to be an indicator of
drug sensitivity. Thus, the present study used a playground maze procedure to measure
changes in NP across age. The present findings demonstrate a significant preference for
novel stimuli in developing animals. Preadolescent, postnatal day 24 (PND 24) animals
exhibited a significant preference for novelty that was not present in early adolescent
(PND 34), or early adult animals (PND 59). Late adolescent (PND 44) animals exhibited
a significant aversion to novel stimuli. An increase in habituation trials resulted in a

similar pattern of reduced NP into adolescence, however the increased exposures
attenuated the late adolescent aversion and resulted in a preference for novelty in adult
animals. The data indicate strong behavioral differences in NP between early adolescence
and adulthood that may be related to a developmental increase in contextual regulation of
behavior.
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Introduction
Drug use begins early in development. For example, approximately 80.3% of
U.S. adolescents have used alcohol by 12th grade, an increase from 51.7% for 8th graders
(SAMHSA 2003a). Adult lifetime prevalence data indicate 81.3% have had experience
with alcohol, a rate only slightly higher than in adolescence, suggesting that during
adolescence most individuals have their first experience with the drug. Importantly, the
rate of initiation of alcohol use among the 12-17 age group increased from 111.0/1,000
potential new users to 158.8/1,000 from 1991 to 1996 (Johnston et al. 2002) revealing a
recent rise in the initiation of use in the adolescent population. The numbers for use and
initiation are similar for illicit substances. For example, 8.6% of 12th graders have used
cocaine, an increase from 4.5% for 8th graders (Johnston et al. 2002). These data in
adolescents compare to a lifetime prevalence of 10.6% in adults (SAMHSA 2003b)
suggesting that most users initially experience cocaine well before adulthood. The agespecific rate of new use of cocaine for ages 12-17 has climbed steadily from 1.2 in 1992
to 5.6 in 1997 (SAMHSA 2003b) again indicating a trend toward adolescent initiation in
drug use. The National Household Survey (SAMHSA 2003b) for the age group 18-25
indicates that 48.1% have experienced some illicit drug in their lifetime. Further, the
Monitoring the Future Study (Johnston et al. 2002), a detailed study of youth trends,
indicates that by 12th grade 54.1% have used some form of illicit drug. Additionally,
among youths ages 12-13, 2.9% were current illicit drug users with the highest rates
found among young people ages 16-17 (16.4%), and ages 18-20 (19.9%) (Johnston et al.
2002). These data indicate not only a significant initiation of use in early adolescence but
also a rapid increase in use during the adolescent period.
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Together, these data

demonstrate the need for critical study into the dynamics of drug exposure and abuse
potential among the adolescent population.
Arnett (Arnett 1999) has shown a relative tendency towards sensation seeking in
adolescence, a factor that Zuckerman associates with increased likelihood of risk taking
behaviors (Zuckerman 1986), including drug use or initiation. Measures of sensation
seeking are highly correlated with approach to novelty or NP in humans (McCourt et al.
1993). Given these findings, preference for novelty appears to be a valid measure of risk
taking behavior probability, specifically, drug use initiation. This assumption has been
born out in the animal literature.
Numerous studies have demonstrated a strong correlation between behavioral
reactivity to novel stimuli and both the reinforcing efficacy of psychomotor stimulants
and self-administration rates in animals. Specifically, (Klebaur and Bardo 1999) have
shown that novelty seeking behavior in rats is related to the reinforcing efficacy of
psychomotor stimulants, with high responders for novelty displaying higher
amphetamine- induced conditioned place preference (CPP).

Additionally, self-

administration probabilities for amphetamine are directly related to behavioral reactivity
to a novel stimulus. In this study, animals that exhibited greater motor activity in the
presence of novelty established self-administration patterns more readily (Piazza et al.
1990).

These data suggest a strong relationship between sensation seeking, novelty

seeking, drug self-administration and drug-related reinforcement, relationships which
may be mediated by the functions of the mesolimbic dopamine (DA) system.
There is considerable evidence that the mesolimbic DA system is involved in the
establishment and maintenance of a range of behaviors. Initial studies implicating the
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nucleus accumbens septi (NAcc) date back to (Olds and Milner 1954), who discovered
that electrical stimulation of the medial forebrain bundle could produce a CPP. Further
research specifically implicated DA efflux in the NAcc as crucial to this process.
Intracranial self- stimulation of the ventral tegmental area (VTA) supports lever-pressing
behavior in rats, a behavior mediated by dopaminergic output in the NAcc (Mogenson et
al. 1980). Specifically, injections of DA antagonists in the NAcc attenuates or blocks
intracranial self-stimulation behavior. These data indicate that accumbal DA is critical in
the maintenance of reinforced behavior and may be the underlying source of behavioral
activation in novel situations.
Studies with drugs of abuse parallel these findings.

Drugs of abuse have a

common ability to induce dopaminergic activity in the mesocorticolimbic system (Koob
1992) a quality that, given the role of the NAcc in reinforcement, suggests a strong
possibility for a role in addictive behavior. Specifically, rats will readily self-administer
drugs of abuse directly into the NAcc and self-administration behavior can be altered by
co-injecting a dopaminergic antagonist into the NAcc (Caine et al. 1995). Additionally,
infusing amphetamine into the NAcc produces a CPP suggesting elevations of accumbal
DA are reinforcing (McBride et al. 1999).
It is important to note that novel stimuli have been shown to elevate DA in the
NAcc. Rebec et.al. (Rebec et al. 1997) have reported enhanced DA efflux in the NAcc
during exposure to a novel environment. Specifically, in a familiar environment, animals
exhibited lower levels of NAcc DA efflux in comparison to dopaminergic activity in a
novel environment. Additionally, lesioning the NAcc attenuated locomotor activity in
response to a novel stimulus, indicating a relationship between the NAcc and behavioral
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reactivity to novelty (Bardo et al. 1996). Injections of 6-OHDA into the NAcc reduced
both mesolimbic DA and subsequent NP. This suggests that dopaminergic activity of the
mesolimbic system mediates the behavioral aspects of NP in rats. Further, microdialysis
studies have shown a direct correlation between reaction to novelty and amount of "drugstimulated DA release in the NAcc" (Bradberry et al. 1991). Moreover, high locomotor
responsivity to a novel environment has been correlated with enhanced amphetamineinduced dopaminergic activity in the NAcc (Hooks and Kalivas 1995). Therefore, it
appears there is a strong relationship between the behavioral reactivity to novelty and the
neurochemical effects of drugs and it appears that these processes share a common neural
substrate.
It is clear that adolescence is a period of tremendous experimentation and risk
taking (Spear 2000) a pattern that, in the arena of drug abuse, manifests itself as first time
drug use and potentially drug abuse (Zuckerman 1974).

It is likely that

neurophysiological changes in the mesolimbic system during development may mediate
the initiation of drug use and potentiate the likelihood of abuse during adolescence.
Specifically, it is clear that in both human and rodent populations the mesolimbic DA
systems are undergoing tremendous transition. For example, basal DA synthesis in the
NAcc is lower in postnatal day 30 (PND 30) than PND 40 rats and turnover rates for
PND 30 animals are less than those reported in adults (Andersen et al. 1997).
Receptor populations also are in flux during development, with a pattern of
overproduction and pruning that occurs across adolescence in a sex-specific manner
(Teicher et al. 1995; Andersen et al. 1997; Andersen and Teicher 2000). Males exhibit
greater levels across age and greater over production of D1 and D2 receptor types than
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females. This pattern is similar in humans as well (Seeman et al. 1987). In rats, the
density of D1, D2, and D4 receptors in the NAcc increase and reach peak levels at PND
28, and then decline significantly to adult levels at PND 60 (Tarazi and Baldessarini
2000). Additionally, D3 receptor numbers appear to increase monotonically, with some
reports finding adult levels at weaning (i.e., PND 21) (Demotes-Mainard et al. 1996) but
others finding D3 levels in weanlings far lower than those observed in adults (Stanwood
et al. 1997).

In conjunction with receptor density changes, D1 stimulatory and D2

inhibitory effects on adenylyl cyclase production are less apparent in adolescence than in
adults (Andersen and Teicher 1999).

DA transporter levels are also undergoing

substantial change, increasing in concentration in the NAcc to adult levels through
adolescence (Coulter et al. 1996, 1997). This dynamic transition during adolescence
suggests that processes that are mediated by the mesolimbic DA system are unlikely to
manifest themselves similarly in adults and adolescents. Moreover, across adolescence
there may be tremendous transitions in reactivity to stimuli (e.g., novel stimuli or drugs)
that act on these systems.
As previously mentioned, novelty and novel stimuli produce profiles in the NAcc
that are similar to those caused by drugs of abuse. Additionally, behavioral measures of
novelty responsiveness has a strong relationship with behavioral measures of drug
conditionability and underlying neurochemical responsivity to drugs of abuse. Therefore,
a preference for novelty across adolescence can be viewed as an indicator of the potential
for abuse and addiction liability if use is initiated during this time. In the present studies,
preferences for novelty were measured across the periadolescent period using the
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playground maze paradigm developed by Nicholls et al. (Klebaur and Bardo 1999) to
determine potential differences in developing adolescent animals.

Experiment One
Methods
Subjects
Fourty Three Sprague-Dawley (Zivic Miller Laboratories) rat pups weighing 60300g at the time of testing were used as subjects in these experiments. No more than one
male and one female per litter were used in a given condition (pups were derived from 10
separate liters). Pups were sexed and culled to 10 pups per litter on postnatal day 1 (PND
1). Pups remained housed with their respective dams in a temperature and humiditycontrolled vivarium on a 12:12h light: dark cycle (07:00 h/19:00 h) until PND 21, pups
were weaned and individually housed.
Apparatus
The NP apparatus and procedure were adapted from Nicholls et al. (Nicholls et al.
1992). Animals were tested on a white plastic circular platform (216 cm in diameter)
standing 70 cm from the ground. Eight black circles (28 cm in diameter) were evenly
spaced outlining the perimeter of the tabletop. Each black circle was situated 30 cm
away from the edge of the tabletop and 55 cm from the center. Eight different plastic
figurines were adhered to the middle of each black circle with Velcro (see Table 1 for a
list of the 10 figurines). The figurine's average size ranged from about 5x2x2 cm to
2x2x7 cm. A video camera was hung directly over the table to record the animal's
behavior for later scoring (see analysis).
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Table One: Figurines
Figurine Number
1

Figurine Identity
Baseball Player

2

Race Car

3
4

Coral
Whistle

5

Yellow Bird

6
7

Bottle
Chair

8

Salt Shaker

9
10

Dolphin
Scuba Diver

Table One : Listing of object number and corresponding characteristics

Training
Rats were handled on either PND 21, 31, 41 or 56 for one three- minute session to
minimize stress levels due to handling. For the next three consecutive days (PND 22-24,
32-34, 42-44 and 57-59) each rat was placed on the playground maze facing away from
the experimenter and allowed to freely explore the novel environment for three minutes.
The experimenter left the room during the three- minute session. The table and figurines
were wiped down with alcohol between each session to control for olfactory cues. Each
day, the eight figurines were randomly distributed among the black circles.
Behavioral Testing
On the fourth consecutive day, rats were exposed to a familiarization trial.
Animals were be placed in the familiar apparatus for 3 min, removed for 1 min while a
novel object was placed instead of a random familiar object. Rats were again placed on
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the table facing away from both the experimenter and their novel object for three minutes
to freely explore the familiar environment. The novel object was randomized for each
litter; however, one male and one female per litter received the same object as novel.
Analysis
A video recorder hanging above the table taped behavior during training and
testing sessions.

The length of time each rat spent investigating each figurine was

recorded (i.e., when the animal's head was within the black circle). Number of entries
and duration of entries were recorded.

Four separate 2 (Sex) x 4 (Age) x 4

(Familiarization day) x 8 (Zone or Object) analyses were performed to determine any
baseline differences in time or entries in a given zone and time or entries for a given
object. Analysis of NP used a 2 (Sex) x 4 (Age) x 8 (Zone) ANOVA with preference
score (adjusted percent time in novel zone minus mean adjusted percent time in familiar
zones) as the dependent variable.

Fisher Protected LSD tests were used to isolate

significant effects.
Results
Baseline Analysis
Analyzing for baseline preference revealed significant main effects of Age, F (3,
126) = 16.921, p < 0.05, and Zone (time per zone) F (7, 882) = 5.901, p< 0.05.
Subsequent post hoc analyses of Age using Fisher's PLSD revealed significant
differences in mean zone time between ages PND 25 (x = 9.835), 35 (x = 6.539), 45 (x =
6.468) and 60 (x = 3.529), between PND 35 and 60, and between PND 45 and 60.
Subsequent planned comparisons of Zone indicated there were significant differences in
baseline preference between locations, with zo nes 1, 2 and 8 being preferred over other
zones.

Although not statistically significant, there was a trend for an Age X Zone
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interaction, F (21, 882) = 1.555, p = 0.0532, with young animals exhibiting larger zone
preferences than adults.
Analyzing for the number of entries into each zone revealed significant main
effects for Age, F (3, 126) = 16.722, p < 0.05 and Zone, F (7, 882) = 11.367, p< 0.05.
Subsequent post hoc analyses of Age using Fisher's Protected LSD indicated significant
differences in zone entries between ages PND 25 (x = 3.800) and 60 (x = 2.381), between
PND 35 (x = 4.119) and 45 (x = 3.289) or 60, and between PND 45 and PND 60.
Subsequent planned comparisons of Zone indicated there were significant differences in
the number of entries per zone, with zones 1, 2 and 8 being entered more frequently.
There was also a significant Zone X Age interaction, F (21, 882) = 1.635, p< 0.05, with
adult animals generally exhibiting fewer entries than younger animals with little
preference for any specific zone.
Analysis of time spent at each object revealed significant main effects of Age, F
(3, 126) = 15.783, p < 0.05 and Object, F (9, 1134) = 7.781, p< 0.05. Subsequent post
hoc analyses of Age using Fisher's PLSD indicated significant differences in mean time
per object between ages PND 25 (x = 9.278) 35 (x = 6.382), 45 (x = 6.521) or 60 (x =
4.340), between PND 35 and 60, and between PND 45 and 60. Subsequent planned
comparisons of Object indicated there were significant differences between objects, with
objects 5, 6 and 7 being preferred over other objects.
Analysis of the number of entries for each object revealed significant main effects
of Age, F (3, 126) = 16.189, p < 0.05 and Object, F (9, 1134) = 8.40, p< 0.05.
Subsequent post hoc analyses of Age indicated significant differences in object entries
between ages PND 25 (x = 3.769) and 60 (x = 2.663), between PND 35 (x = 4.020) and
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45 (x = 3.403) or 60, and between PND 45 and 60. Subsequent planned comparisons of
Object indicated there were significant differences between objects, with objects 5, 6 and
7 having more entries than other objects. There was also a significant Object X Age
interaction, F (27, 1134) = 1.963, p < 0.05, with animals at every age showing different
object preferences. There was also a significant Object X Age X Familiarization Day
interaction, F (81, 1134) = 1.613, p < 0.05, with animals at every age showing different
object preferences on the four different familiarization days.

Figure One : Developmental differences in novelty preference as a function

of age with 4 habituation trials. Adjusted preference score represents the
total time spent with the novel object/zone minus the mean time spent with
the familiar objects/zones with a correction for age related basal
differences in zone preference. Preadolescent animals (PND 24) exhibit a
significant preference for novelty, while late adolescent (PND 44) animals
exhibit a significant aversion. Additionally, late adolescent and adult
animals (PND 44, 59) are significantly different from preadolescent
animals.
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Novelty Preference
Baseline object preference across familiarization days was mediated by zone
preferences across age. Therefore, only 'novel object zone preference' was used for
analysis of NP to allow for baseline correction. To eliminate any zone bias due to
baseline preferences, scores for each zone were adjusted by the baseline zone preference
for that age. This adjusted score was used to compute NP. The mean adjusted time spent
in the familiar object zones was subtracted from the adjusted time spent in the novel
object zone to generate the preference score. Using this formula there was a significant
main effect for Age, F (3, 39) = 6.165, p < 0.05. Subsequent post hoc analyses of age
using Fisher's PLSD revealed significant differences between ages PND 24 (x = 26.74)
and 44 (x = -7.123) or PND 59 (x = -0.3624). Analysis for preference or aversion
revealed a trend toward NP (p = 0.0674) in PND 24 animals and a significant novelty
aversion [t(13) = 4.050, p < 0.05] in PND 44 animals (See Figure One).

Discussion
Postnatal day 24 animals demonstrated greater exploration of objects than any
other age, while adolescent animals (i.e., PND 34,44) explored the objects more than the
adults did. All animals entered more often and spent more time in zones 1, 2 and 8.
These zones were near objects in the room that were in close visual proximity to the
playground maze. NP scores were calculated by correcting for this baseline preference.
In the original study by Nicholls et al. (Nicholls et al. 1992) no zone preferences were
observed, however that study used adult animals only. It is interesting to note that this
effect was less pronounced in adult animals in the present study. Both preadolescent (i.e.,
PND 25) and adolescent (i.e., PND 35, 45) animals entered zones more frequently than
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adult animals on training days. Examining the responses to objects on training days
showed that 25 day-olds explored more objects than all other ages while adolescent
animals explored more than adult animals did.
To verify and extend the results of this stud y a visual barrier was employed to
eliminate the influence of extra-apparatus visual stimuli on behavior. Additionally,
consideration was given to the influence of rate of habituation on the outcome of
Experiment One. Given the short temporal parameters of this study it is possible that the
results were affected by an age related deficit in acquisition rates. In short, animals that
were not familiarized with 4 exposures would not react to a new stimulus in the same
fashion as animals that have completely habituated. This result, however, would not
constitute a lack of NP. Therefore, to reduce stress during the first exposure to the
playground maze, the number of handling sessions prior to familiarization was increased
to 6 sessions over 3 days. Additionally, the number of daily exposures to the apparatus
was doubled, increasing the total number of familiarization trials to 8 prior to testing. The
reduction of stress on trial one due to increased handling and the increased number of
trials should allow sufficient time to fully habituate to the objects.
Experiment Two
Methods
Subjects
Eighty two Sprague-Dawley (Zivic Miller Laboratories) rat pups weighing 60300g at the time of testing were used as subjects in these experiments. Animal care and
environmental conditions were identical to those in Experiment One.
Apparatus
The NP apparatus was modified from Experiment One to include a white vinyl
curtain that encircled the NP platform to prevent any potential influence of external
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visual stimuli on the distribution of behavior within the open field. All other conditions
were identical to Experiment One.
Training
To test the hypothesis that reduced preference for novelty in adolescence was due
to a lack of habituation the number of object familiarization trials was doubled. Rats were
handled beginning on either PND 18, 28, 38 or 53 for three- minute sessions, twice a day
(9:00 hr and 15:00 hr) for three consecutive days, to minimize stress levels due to
handling. Over the next four days (PND 21-24, 31-34, 41-44 and 56-59) each rat was
placed in the playground maze, twice per day (9:00 hr and 15:00 hr), facing away from
the experimenter and allowed to freely explore the novel environment for three minutes.
The table and figurines were wiped down with alcohol between each session to control
for olfactory cues. Each day, the eight figurines were randomly distributed among the
black circles. The experimenter left the room during the three- minute session.
Behavioral Testing
On the afternoon of the fourth day, rats were exposed to a familiarization trial.
Animals were placed in the familiar apparatus for 3 min, removed for 1 min while a
novel object replaced a random familiar object. Rats were again placed on the table
facing away from both the experimenter and their novel object for three minutes to freely
explore the familiar environment.

The novel object was randomized for each litter;

however, one male and one female per litter received the same object as novel.
Analysis
All data were quantified using a behavioral tracking system (Noldus Ethovision)
coupled to a digital video camera suspended above the playground maze. The length of
time each rat spent investigating each figurine was recorded (i.e., when the animal's head
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was within the black circle). Four separate 2 (Sex) x 4 (Age) x * (Familiarization trial) x
8 (Zone or Object) analyses were performed to determine any baseline differences in time
in a given zone and with a given object. Analysis of NP used a 4 (Age) x 8 (Zone)
ANOVA of preference score (adjusted percent time in novel zone minus mean adjusted
percent time in familiar zones).

Fisher Protected LSD tests were used to isolate

significant effects.
Results
Baseline Analysis
No differences in basal zone or object preference were observed using the
enclosed playground maze.

Figure Two : Developmental differences in novelty preference as a function

of age with 8 habituation trials. Adjusted preference score represents the
total time spent with the novel object/zone minus the mean time spent with
the familiar objects/zones. Preadolescent (PND 24) and early adult (PND
59) animals exhibit a significant preference for novelty, while early and
late adolescent and animals (PND 34, 44) demonstrate no response to
novelty.
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Novelty Preference
There was a significant main effect for Age, F (3, 71) = 3.976, p < 0.05.
Subsequent post hoc analyses of age using Fisher's PLSD revealed significant differences
between ages PND 24 (x = 15.33) and PND 35 (x = 0.639) or PND 45 (x = 0.887).
Analysis for NP revealed a significant preference in PND 24 [t(21) = 2.233, p < 0.05] and
59 animals [t(21) = 2.344, p < 0.05] (See Figure Two).

Discussion
The addition of a visual barrier successfully eliminated basal zone preferences
within the playground maze. The findings are consistent with the results from Experiment
One, indicating a reduction in NP in adolescence compared to preadolescent counterparts.
It was hypothesized that the absence of significant NP in adolescents and adults in
Experiment One resulted from limited habituation trials and that with more thorough
familiarization a clear response to novelty would be manifest. However, the overall
pattern varied with increased habituation. Preadolescent (PND 24) and early adolescent
(PND 34) animals demonstrated a reduction, while late adolescent (PND 44) and early
adult (PND 59) animals demonstrated an increase, in novelty preference scores with
increased habituation. Although Experiment Two was designed to examine the influence
of habituation on the demonstration of NP, the results are suggestive of an elevation in
experimental anxiety through adolescence and into adulthood. The presence of additional
handling sessions as well as increased experience with the experimental context affected
preadolescent animals minimally. Although PND 24 animals did not demonstrate a
statistically significant NP with 4 habituation trials, the absolute preference score was
larger than 8 trial counterparts and did not differ statistically. NP in PND 34 animals also
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did not differ with increased habituation trials, however, increasing the number of trials
did result in a difference between PND 24 and PND 34 animals with early adolescent
demonstrating significantly lower scores. Interestingly, the addition of habituation trials
served to shift scores toward a preference in late adolescent and early adult animals,
alleviating an aversion in the former and inducing a preference in the latter. NP has
traditionally been considered as a behavioral correlate to sensation seeking in the human
population and a fundamental component of this trait is risk taking or reduced perceived
risk. These results suggest a developmental increase in perceived risk that hinders the
demonstration of NP with age and this can be attenuated with experience.
General Discussion
The present results demonstrate an age-specific transition in the effectiveness of
novel stimuli to attract and sustain exploratory behaviors.

Early after weaning,

preadolescent pups have a significant preference for new stimuli, and this response to
novelty changes in early adolescence. By late adolescence and on to early adulthood there
is a dramatic drop in NP with relatively few familiarization trials. In fact, late adolescent
animals exhibit a novelty- induced aversion (i.e., neophobia) relative to familiar stimuli.
These patterns suggest that there is a greater likelihood of exploration and
experimentation with unfamiliar objects, environments and conditions in early
adolescence as compared to late adolescence or adulthood.
From a developmental perspective, a shift from NP to aversion has been
explained as the typical functional adolescent transition during development. Facilitation
of active exploring of the environment in the physically capable being increases
environmental skills and abilities that are necessary for and/or increase the probability of
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competitive success and survival (Spear 2000).

However, once sufficient time has

passed, and presumably sufficient learning has occurred, it is detrimental to enter new
situations rather than remain in more comfortable domains, given that in the experienced
animal such situations are more likely to present higher survival risk than contribute to
competitive benefit.
Such behavioral changes are likely mediated by developmental transitions in a
number of brain structures known to mediate motivational and behavioral processes. Of
specific interest to this research are the NAcc, and the prefrontal cortex (PFC). These
structures have been repeatedly demonstrated to mediate the initiation and maintenance
of a range of behaviors. Further, substantial evidence is emerging that these structures are
anatomically and functionally dissimilar in adolescents and adults, and that the transition
process of these structures appears to occur during the adolescent period. For example,
the PFC declines in volume during adolescence (Jernigan et al. 1991), exhibits reduced
glutamatergic input (Virgili et al. 1990) and increased DA input (Rosenberg and Lewis
1994, 1995; Lewis et al. 1998). Further, as mentioned previously there are substantial
changes occurring in these dopaminergic systems as well (Andersen and Gazzara 1996;
Coulter et al. 1996; Andersen et al. 1997; Stanwood et al. 1997).
The observed shift in NP for during adolescence may be directly related to the
developmental transitions reported in these structures. There appears to be a transition in
the regulatory role of the PFC through adolescence, with early periadolescent behavior
being predominantly impulsive, or affectively regulated, while later adolescent behavior
appears to be more contextually regulated (Spear 2000). This behavioral transition may
result from a shift in the ability of the PFC or amygdala to modulate activity in the NAcc.
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Spear has suggested that elevated DA in the PFC in the preadolescent may result in
disinhibition of amygdalar inputs to the NAcc while simultaneously inhibiting medial
PFC input to the NAcc. The net result of such a shift in functional regulation of NAcc
activity is reduced contextual and increased emotional regulation of NAcc activity given
that the amygdala appears to be involved in the processing of emotionally salient events.
However, as the neurochemical projections to the PFC and PFC interconnections with the
NAcc develop during adolescence there is increased regulation of attention and behavior
to contextually important, rather than affectively-salient stimuli [for discussion see Spear
(2000)].
The relationship between behaviors like novelty seeking and drug use (Klebaur
and Bardo 1999) may be mediated by these developing structures and developmental
changes in novelty seeking may not only indicate the likelihood of drug use but reflect
ongoing changes in the functional interconnections of the mesocorticolimbic system.
Sustained drug use during this transitional period may result in a greater probability of
addiction later in life by effectively altering the course of development of these circuits,
sustaining a more affectively regulated motivational system.

Therefore, these data

suggest a transitional period in neural development in which the initiation of drug use is
both more likely and potentially more costly. Such outcomes are born out in the human
literature given that addiction is twice as likely if use starts before the age of 15, than if
initiation occurs after 18 years of age. Further, these data indicate that the likelihood of
addiction is not mediated by the length of use, but rather by when use was initiated
(Anthony and Petronis 1995). Interestingly, the estimated probability of future addiction
exhibits it steepest ascent across 15-18 years of age, regardless of initial age of initiation,
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suggesting some critical component to the combination of drug use and age during this
developmental period.
The present data provide a measure of evidence for a distinct biological transition
in NP during adolescence. Prior evidence has shown that sensation seeking and novelty
seeking are predictors of substance abuse liability in humans (Zuckerman 1986; McCourt
et al. 1993).

This predictive relationship has also been demonstrated in adult rodents

(Klebaur and Bardo 1999). Moreover, novelty seeking and substance abuse share some
underlying neural substrates (Bradberry et al. 1991; Bardo et al. 1996). Given these
findings, it seems likely that changes in novelty preference resulting from ongoing
developmental processes can provide a simple behavioral measure for increased risk of
addiction as a function of age. Using procedures such as this to study development and
the processes involved in adolescence and drug abuse is a critical area of research.
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PLACE CONDITIONING: AGE-RELATED CHANGES IN THE REWARDING
AND AVERSIVE EFFECTS OF ALCOHOL

Abstract
Alcohol abuse levels are very high in adolescents creating a significant societal issue. It
has been shown that people who begin alcohol use as adolescents are more likely to
become addicts than people who initiate alcohol use as adults. Importantly, the
development of addiction in humans is more rapid with initiation in adolescence than in
adulthood. In order to determine changes in the reinforcing efficacy of alcohol as a
function of adolescent development we used a place conditioning paradigm. In this study
we assessed the ability of ethanol to support a conditioned place preference (CPP) or
aversion (CPA). Animals (postnatal days; PND 25, 35, 45 and 60) were tested for
alcohol- induced conditioning in response to a range of ethanol doses (0.2, 0.5, 1.0, 2.0
g/kg/i.p. or saline). In general, there was a trend for alcohol to produce an aversion to the
ethanol-paired compartment at higher doses. These patterns differed significantly as a
function of age. Younger animals, PND 25 exhibited a CPP to a low dose and an aversion
at high doses. Late adolescent (PND 45) animals exhibited a CPP at two moderate doses,
but a CPA at the highest dose. PND 35 and 60 animals did not exhibit a CPP at any
examined dose and PND 60 exhibited a progressive aversion with increasing dose. The
data show that the developmental processes of adolescence influence general
responsiveness to alcohol. Specifically, late adolescent animals (PND 45) appear to
prefer doses of alcohol that are either not reinforcing (0.5) or aversive (1.0) at other ages.
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These processes need to be examined thoroughly in order to understand the development
of addiction in adolescence. This is especially important given that alcohol abuse in
adolescence may interfere with the usual pattern of brain development as it relates to
alcohol reinforcement.
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Introduction
Initiation of alcohol use in adolescence has unique consequences on the
development of addiction in adulthood. For example, incidences of alcohol dependency
are higher among those who initiate heavy drinking (5 drinks per occasion) before the age
of 18 (Johnston et al., 2002). Individuals who begin drinking before the age of 15 are
four times as likely to be alcohol-dependent adults than those who begin at 21.
Importantly, total number of years of alcohol abuse does not impact the development of
addiction as strongly as early alcohol use initiation (De Wit et al., 1999) indicating the
important relationship between age of initiation and addiction.

Generally, alcohol

dependent adults initiate drinking at an earlier age and drink more frequently throughout
adolescence than non-dependent counterparts (Guo et al., 2000). Younger age of
initiation of alcohol use is highly associated with addiction severity as measured by the
Addiction Severity Index (Tam et al., 2000) and age of alcohol initiation is inversely
correlated with the magnitude of alcohol abuse in late adolescence (Hawkins et al., 1992,
Grant and Dawson, 1998, DeWit et al., 2000).

Importantly, adolescent initiation of

alcohol use amplifies the effects social risk factors have on the development of addiction
(e.g., parental drinking, proactive parenting, peer alcohol use, ethnicity)(Hawkins et al.,
1997).

Together these data suggest that alcohol use in adolescence has unique

implications on the development of alcohol dependency.
A notable consideration often overlooked when examining the correlational links
between adolescent use and addiction is the direction of effect. It is reasonable to assume
that individuals prone to alcoholism are also those most likely to initiate drinking early in
life, therefore producing a strong relationship between the two factors.
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However,

behavioral characteristics common to the addictive personality and the adolescent period
(e.g., see below) give rise to the plausible hypothesis that adolescent alcohol use
subsequently increases the risk of alcohol abuse and addiction. Most likely, there is a
dynamic interaction between these and other factors that ultimately determine the risk of
addiction. However, of importance here is the consideration of biological changes in the
central nervous system (CNS) of the adolescent that may serve to motivate initial use and
as a consequence, alter CNS development in a way the promotes prolonged use.
Clearly, psychological, biological and environmental factors all influence the
development of addic tion. Psychological factors, including specific personalities traits
(impulsiveness (Myers et al., 1995), sensation seeking, rebelliousness [(Zuckerman et al.,
1984), impaired emotional well-being, low self-esteem (Kandel, 1980) and nonconformity to traditional morals and values (Kandel, 1980, Zuckerman et al., 1984)],
Importantly, some of these traits are characteristic of adolescents in that they engage in
risky behaviors more often than adults (Teichman et al., 1989).

It may be that

adolescents and addicts share specific biological commonalities that underlie the presence
of similar personality and behavioral characteristics.
Special importance has been placed on sensation seeking behavior, a personality
trait common to both alcohol dependents and adolescents (Zuckerman et al., 1984)
(Teichman et al., 1989). Researchers have hypothesized that high sensation seekers
enjoy the mind-altering experiences a drug offers whereas low sensation seekers are
stressed by these experiences and therefore avoid them (Zuckerman et al., 1968). To
examine this hypothesis, Klebaur and Bardo (1999) divided animals into high and low
novelty preference groups and patterns of amphetamine conditioned place preference
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(CPP) and self-administration were investigated (Klebaur et al., 2001). The results
indicated that preference for novelty was directly related to the degree of conditionability
with amphetamine (Klebaur and Bardo, 1999). Further, high novelty preference was
directly related to amphetamine intake in a self-administration paradigm (Klebaur et al.,
2001). Studies in adolescent mice have shown increased novelty/sensation seeking in
adolescent animals in comparison to younger and older counterparts (Adriani et al.,
1998). However, these studies have not been extended to make comparisons between
these behaviors and drug effects. Adolescence is a period of increased social activity in
general (Primus and Kellogg, 1989), and hyperactivity when exposed to a novel
environment (Bronstein, 1972, Spear and Brake, 1983).

Using the novelty seeking

paradigm, relationships between ages, novelty preference and alcohol responses are
currently being investigated in our laboratory.
The biological factor linking sensation/novelty seeking, adolescent development
and alcohol addiction may be the developing mesolimbic DA system. The mesolimbic
pathway, particularly the dopaminergic (DAergic) projection from the ventral tegemental
area (VTA) to the nucleus accumbens septi (NAcc), has been implicated in behavioral
reinforcement and is activated by alcohol administration (Johanson and Schuster, 1975,
Stewart, 1984, Hernandez and Hoebel, 1988, Di Chiara and Imperato, 1988, Bergman et
al., 1989, Hubner and Koob, 1990). Microdialysis studies have shown alcohol- induced
increases in accumb al DA levels in alcohol-preferring rats (Katner and Weiss, 2001,
Engleman et al., 2000).

There is substantial evidence that this system mediates

motivation in general, although the specific mechanism (e.g., attention, reward, motor,
anticipation/expectancy) has been debated.
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Rats will self-administer DA re- uptake

inhibitors directly in the NAcc, suggesting the involvement of mesolimbic DA in the
process of reinforcement (Kuhar et al., 1991). In addition, electrophysiological studies
show heightened activation of DA neurons in the VTA during drug self-administration
(Carelli et al., 2000) and activational patterns suggest an anticipatory or predictive role in
that firing occurs before drug delivery once self-administration is established. Further,
lesioning any part of the mesolimbic pathway alters drug taking behavior (Hubner and
Koob, 1990) in a fashion indicative of loss of reinforcement. However, drug addiction
relapse occurs along with, and can be induced by, reactivation of DA neurons (Stewart,
1984) suggestive of a motivational or predictive role. The neural mechanisms underlying
alcohol addiction are more complex than many abused substances given that alcohol
affects multiple interactive neurotransmitter systems in addition to DA (e.g., serotonin,
GABA, opioid)(See (Koob, 1992). However, activation of the mesolimbic DA system is
a common substrate of all addictive substances and therefore a point of focus in
neurobiological research on alcohol addiction.
Although many studies have shown that changes in DA activity in the mesolimbic
system affect the expression of substance use patterns in adult animals, relatively few
have focused on adolescence, the time when drug use/abuse it typically initiated. In
rodents adolescence is broadly defined as postnatal days (PND) 28 to 55 based on the
onset of hormonal changes that initiate puberty (Ojeda and Urbanski, 1994, Odell, 1990).
Behavioral changes that resemble those seen in human adolescence, such as increases in
peer interaction, increased exploration, risk taking and play behavior appear from PND
28 to 42 (Spear, 2000). These changes provide a more precise developmental time frame
that is congruent with both the physical and behavioral changes occurring in human
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adolescents. Studies that have focused on responsiveness to drugs in adolescents have
shown a decreased responsiveness to dopaminergic agonists (Bauer and Evey, 1981,
Bolanos et al., 1998, Lanier and Isaacson, 1977, Spear and Brick, 1979, Infurna and
Spear, 1979), and increased responsiveness to a DA antagonist (Spear et al., 1980).
Recent studies examining the long term effects of alcohol during adolescence have found
no baseline differences in their measures but significant changes in response to a
subsequent ethanol challenge. Specifically, adult animals that were exposed to alcohol
during adolescence have decreased EEG responsiveness with higher doses (Slawecki,
2002), decreased behavioral measures of intoxication during subsequent ethanol
challenge (Slawecki, 2002, White et al., 2002), altered electrophysiology (Slawecki et al.,
2001) and working memory impairments (White et al., 2000). Young adolescent animals
also show a differential sensitivity to binge pattern alcohol- induced brain damage (Crews
et al., 2000). These studies clearly demonstrate a unique susceptibility of the adolescent
brain to alcohol’s effects. Further studies are needed to examine how the mesolimbic DA
pathway may be susceptible to alcohol- induced alterations during adolescence. Dynamic
changes occur during this time period (Stanwood et al., 1997) including receptor
overproduction and pruning (Andersen and Teicher, 2000; Tarazi and Baldessarini,
2000), specifically in the prefrontal cortex and limbic regions (for review see Spear,
2000). Overproduction and pruning occur in the dopaminergic, serotonergic, GABAergic
and glutamatergic systems. Earlier studies reported D2 and D3 receptor densities to be
similar in rats PND 21 and PND 60, but failed to include the adolescent period, a time of
great change in the DA system (Stanwood et al., 1997). There is evidence for receptor
population overproduction and pruning during adolescence(Andersen and Teicher, 2000,
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Tarazi and Baldessarini, 2000). An important aspect for investigation in adolescence is
the role drug-related environmental cues play in addiction. Such cues have been shown
to induce alcohol conditioned drug-seeking behavior, craving and relapse (Weiss et al.,
2001). Evidence suggests that repeated pairings of alcohol and specific environmental
cues produce conditioned associations and expectancies in the drinker (Goldman, 2002)
as well as physiological responses (Glautier, 2000).

Animal models have also

demonstrated conditioning to environmental cues associated with alcohol.

Through

classical conditioning, an animal associates not only the administration of a drug with it's
physiological effects, but also environmental cues that are repeatedly present during drug
administration (York and Regan, 1982) and these cues may come to motivate future use.
The conditioned place preference (CPP) paradigm measures reward value of a
drug utilizing drug-related environmental cues/context (Carr et al., 1989). The reinforcing
effects of a drug are determined by the amount of time the animal spends in the drugpaired chamber in comparison to non-drug paired chamber. Mice spend more time in a
chamber in which they received alcohol through jugular catherization, suggesting a
preference for the alcohol-paired chamber (Kelley et al., 1997).

Moreover, animals

selectively bred to exhibit stronger behavioral effects of alcohol show stronger
conditioned place preferences (Cunningham et al., 1991, Risinger et al., 1994). In adult
animals, CPP has been demonstrated with many drugs including cocaine (Spyraki et al.,
1982a, Spyraki et al., 1982b) apomorphine (Wise et al., 1976) and morphine (Sherman et
al., 1980). However, results have been variable in alcohol place conditioning in that
some studies find a CPP (Stewart and Grupp, 1986, Stewart and Grupp, 1989, Gauvin
and Holloway, 1992, Schechter, 1992, Morse et al., 2000, Cunningham and Henderson,
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2000, Holloway et al., 1992, Ciccocioppo et al., 1999) and others find a conditioned place
aversion (CPA) depending upon dose, (Cunningham and Henderson, 2000) strain
(Schechter, 1992) and drug chamber timing interval (Stewart and Grupp, 1989)
(Holloway et al., 1992, Ciccocioppo et al., 1999). The only studies that have examined
place conditioning in adolescent animals have shown comparable place preferences
between adolescents and adult animals with both cocaine and morphine (Campbell et al.,
2000). Other studies investigating adolescents only demonstrate a CPP with cocaine but
not morphine (Bolanos et al., 1996). To date, no one has investigated differences in
alcohol- induced CPP across age. The present study investigated the relationship of age
and alcohol- induced CPP in order to determine if adolescents are unique in their
responsiveness to the rewarding efficacy of alcohol.
Methods
Subjects
Offspring (n=227, derived from 59 litters) of Sprague-Dawley breeding pairs
(Zivic Miller Laboratories) weighing from 50 - 300 g (PND 25, 60-90g; PND 35, 120160g; PND 45, 180-240; PND 60, 220-350g) at the time of testing were used in this
study. No more than one male and one female per litter were used in a given condition.
Pups were sexed and culled to 10 pups per litter on postnatal day one (PND 1). Pups
remained housed with their respective dams in a temperature and humidity-controlled
vivarium on a 12:12h light: dark cycle (07:00h/ 19:00h). On PND 21, pups were weaned
and individually housed.
Apparatus
The apparatus consisted of three visually and tactilely distinctive chambers: A
large (21W x 36L x 21H, in cm.) ‘neutral’ chamber made of black Plexiglas and a floor
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of black Plexiglas bisecting two end chambers (21W x 15L x 21H, in cm.) with distinct
tactile and visual cues. End chambers contained either a checkerboard pattern on the
walls with a wire mesh floor or a floral pattern on the walls with a rubberized floor. The
chambers were separated by removable Plexiglas doors.
Ages
To determine the reinforcing efficacy of alcohol across adolescence, animals were
divided into 4 age categories (PND 21-25, 31-35, 41-45, 56-60) and trained and tested
according to the procedures outlined below.
Training
Animals were trained over a period of 4 days and tested 1 day following the final
day of training in an unbiased CPP paradigm. Each morning animals were confined to
either the ‘Paired’ or the ‘Unpaired’ compartment for 5 minutes following the
administration of ethanol (0.2, 0.5, 1.0 or 2.0 g/kg i.p.) or saline. At each age half of the
animals received saline and half received ethanol as their first exposure. Animals were
placed in the alternate compartment in the afternoon and received a corresponding
injection (eg., animals that received ethanol in the morning received saline in the
afternoon and vice versa). The environment designated as the drug-paired environment
was counterbalanced across all ages and conditions.

An equal number of animals

received ethanol in the checkers environment as did animals receiving ethanol in the
floral environment. This procedure was repeated for a total of 4 training days (4 Paired, 4
Unpaired exposures).
Testing
On day 5 (i.e., PND 25, 35, 45 or 60), drug free animals were placed in the central
portion of the neutral compartment and allowed free access to all three chambers for a
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total of 5 minutes.

Time spent in each chamber was recorded and preference was

determined by comparing time spent in the ‘Paired’ compartment vs. ‘Unpaired’
compartment. Both absolute and relative comparisons were made. Relative comparisons
divided drug paired chamber time by combined time in the drug paired and unpaired
chambers.
Design and Analyses
Chamber entries were analyzed using a 3 factor mixed design ANOVA for Age
(4; 25, 35,45 and 60) by Dose (5; Saline, 0.2, 0.5, 1.0 and 2.0 g/kg alcohol) with Chamber
as a repeated measure. Preference scores were analyzed using a 2 factor ANOVA for
Age (4; 25, 35,45 and 60) by Dose (5; Saline, 0.2, 0.5, 1.0 and 2.0 g/kg alcohol) with
adjusted difference score as the dependent measure. Subsequent planned comparisons
(Fischer PLSD; t-tests) were used to isolate effects
Preference scores were calculated as relative ratios to prevent any influence of the
novel neutral chamber on the balanced conditioning across the paired and unpaired
chambers. The relative ratio calculation serves to control for variations produced in
paired and unpaired times as a result of time spent in the third, intermediate/novel
chamber. The experimental question to be answered is whether animals prefer the drug
paired chamber to the saline paired chamber. The animal’s response to the introduction of
a third chamber, the novel runway, should not influence these results. The relative ratio
comparison allows for this direct comparison by removing neutral chamber scores and
setting the total test time to the time in the two experimental chambers. However,
because removing neutral scores will result in different total test times for each animal,
the paired and unpaired scores must be converted to a percentage of total time to produce
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an honest comparison uninfluenced by time spent in the novel neutral zone. It is
important to note that such a conversion cannot make an aversion a preference or vice
versa but merely removes the influence a novel third zone has on difference scores.

Figure One: Activity Levels Across Age
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Figure One : Animals exhibited increased activity in the testing apparatus

as a function of age. PND 25 animals exhibited fewer grid crossings than
all other ages while PND 60 exhibited the most. † = Different from PND
35, 45 and 60 (p < 0.05). * = Different from PND 25, 35 and 45 (p <
0.05).

Results
Activity, measured by the total number of chamber entries, differed as a function
of age (F (3, 110) = 14.24, p < 0.05). There was no main effect of dose. Post- hoc Fishers
LSD collapsing across dose indicated that PND 60 animals were more active than all
other ages as demonstrated by total number of chamber entries (Figure 1). Preadolescent
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animals (PND 25) made significantly less chamber entries than all other ages and
adolescent animals (PND 35, 45) were intermediate in comparison to younger and older
animals. Postnatal day 25 animals were significantly less active than PND 35 or 45
animals. Postnatal day 60 animals exhibited increased chamber entries (more activity) in
comparison to all other ages. There were no baseline preferences or aversions (ie., side
bias) for either chamber in saline controls at any age.
Preference scores for chamber were calculated as ratios of paired (P) and unpaired
(UP) chamber times (% time in P-UP/total time in P and UP) to control for any age or
dose differences in activity in the novel neutral chamber. As can be seen in Figure 2,
there was a significant interaction of Age x Dose (F (12, 208) = 1.79, p=0.05). The
overall patterns were similar to those observed with raw difference scores (P – UP time),
however, neutral chamber activity did appear to influence the raw scores somewhat.
Using ratio scores PND 25 animals exhibited a preference at 0.2 g/kg and an aversion at
1.0 g/kg, with other doses not significantly affecting preference. Adolescent animals
exhibited aversions at 0.2 g/kg (PND 45) and 1.0 g/kg (PND 35). A preference was
observed in PND 45 animals at 0.5 and 1.0 g/kg. Adult animals exhibited a progressive
reduction in preference score with increasing dose, with all doses producing a CPA, 0.2
g/kg the mildest, 0.5 and 1.0 intermediate and 2.0 producing the greatest aversion to the
drug paired chamber. For clarity, only the relative to baseline comparisons are denoted in
Figure 2, however, comparisons across age follow here. Again, adolescent animals were
unique in their responsiveness to alcohol. PND 35 and PND 45 animals exhibited an
aversion at 0.2 g/kg greater than PND 60 animals. However, PND 45 animals exhibited a
preference at both the 0.5 and 1.0 g/kg doses, while the PND 35 animals showed only an
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aversion at the 1.0 g/kg dose.

Despite the strong preference observed at 1.0 g/kg for

PND 45 animals, astrong aversion was seen for PND 45 animals at the 2.0 g/kg dose.
Preference scores did not differ significantly among the saline- injected control groups at
any age [see Figure 2; Saline (0 g/kg)]

Figure Two: Alcohol Place Conditioning
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Figure Two : Preference scores were calculated as ratios of total time spent

in the two conditioning chambers: (P – UP)/(P + UP). Preference scores
different (p < 0.05) from zero were observed at 0.2 g/kg for PND 25
animals and 0.5 & 1.0 g/kg for PND 45 animals. Aversions relative to zero
were observed at 1.0 g/kg for PND 25 and 35 animals and 2.0 for PND 45
animals.

Discussion
The use of chamber entries as a measure of activity in control animals revealed
that adult animals were more active during testing than adolescent animals and that
adolescent animals were, in turn more active than preadolescent animals.
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While the

PND 60 animals exhibited more chamber entries, this effect is due to the fact that they
spent less time in the neutral zone and more time in the end chambers relative to other
ages. Preference scores were determined to control for this finding given that they are
unaffected by time in the neutral zone. We have recently examined activity in salineinjected control animals and found that all ages exhibited equivalent velocity and total
distance traveled scores.

In this study, adult animals again exhibited more chamber

entries and interestingly the adolescent animals spent more time in the novel neutral zone
(manuscript in preparation). Together these findings suggest that using chamber entries
as a measure of activity per se, may not be useful in ontogenetic studies. The results of
the present study reveal that PND 45 rats are unique in their responsivity to alcohol,
preferring doses that are non-preferred or aversive in younger and older animals.
Postnatal day 25 animals exhibited a place preference for the alcohol paired chamber
when conditioned with the 0.2 g/kg dose of ethanol only, while 45 day olds exhibited
preferences at both the 0.5 and 1.0 g/kg doses. No other age by dose relationship
produced an alcohol- related CPP. This demonstrates that these ages are unique in
reactivity to alcohol, as the general finding in non-selectively bred animals is an alcohol
induced aversion (Morse et al., 2000, Cunningham and Henderson, 2000, Gauvin et al.,
1994, Stewart and Grupp, 1986, Stewart and Grupp, 1989), as seen in our PND 60
animals. Low and moderate doses of alcohol vary in their ability to establish a preference
as a function of age suggesting that the process of development itself can contribute
powerfully to the reinforcing aspects of alcohol. Further, since alcohol was aversive at all
doses in adult animals these data suggest that adolescence, the age of initiation at greatest
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risk for sustained alcohol use, is a critical period. Delayed initiation of alcohol intake
may be protective in the absence of other intervening psychosocial variables.
The dose of 1.0 g/kg produced the most dramatic spread of behavior across ages,
with all ages exhibiting a unique conditioned response. Postnatal day 45 animals
exhibited a preference for the drug-paired chamber while PND 60, PND 35 and PND 25
animals exhibited increasing degrees of aversion, making this moderate dose optimal for
further examination of age-related alcohol effects. Interestingly, prior data from our lab
has shown that PND 25 animals exhibit significant increases in NAcc DA when given 1.0
g/kg of ethanol i.p. (Philpot and Kirstein, 1998). Viewing dopaminergic activity in the
NAcc as strictly mediating reward, these data would appear to be in conflict with the
alcohol place aversion observed at this age. However if DAergic activity is viewed as
mediating reinforcement by way of increasing environmental salience of both appetitive
and aversive stimuli this conflict does not occur. For example, the strength of the
association (as measured by the stimuli’s influence on behavior), and not the direction of
the association, would be intertwined with NAcc DA concentrations, while some other
system(s) may mediate the emotional valence of the stimulus in question. If this is the
case DAergic responses to 1.0 g/kg would be largest in the PND 25 animals (mean
preference score of –0.363), followed by the PND 35 and PND 45 animals (preference of
–0.197 and 0.215 respectively) and smallest in PND 60 animals (-0.115). Preliminary
data from our lab confirm this hypothesis. Acute administration of 1.0 g/kg ethanol in
PND 25 animals does indeed produce the largest relative elevations in accumbal DA,
with PND 35 and 45 animals intermediate and PND 60 animals exhibiting the smallest
relative increases among these ages.

Importantly, PND 45 animals appear unique,
50

demonstrating a lack of DAergic tolerance to repeated 1.0 g/kg ethanol administration
(Kirstein and Philpot, 2002). The present data suggest increased risk to the reinforcing
aspects of alcohol for adolescents when compared to young adults and these effects do
not appear to be mediated by metabolic processes as evidenced in research by Silveri and
Spear (Silveri and Spear, 1999, Silveri and Spear, 2000). Although other studies have
been able to produce a CPP in adult animals, these studies usually involve extensive
training or a preexposure period to reduce the aversive properties of ethanol (Gauvin and
Holloway, 1992). By contrast, the present study demonstrates a rapid place conditioning
in late adolescence. Specifically, a CPP occurred in a period of 4 days without the aid of
a preexposure phase, indicating a unique susceptibility. Further, this study replicates
results in adults consistent with reports of an ethanol- induced aversion (Heinrichs et al.,
1995, Morse et al., 2000, Cunningham and Henderson, 2000, Cunningham et al., 1998,
Gauvin et al., 1994, Holloway et al., 1992, Stewart and Grupp, 1986, Stewart and Grupp,
1989) further validating the unique nature of the PND 45 animals.
The implication is clear, adolescence represents a unique risk period for alcohol
addiction. Data from the Monitoring the Future Studies (Johnston et al., 2002), and The
National Center on Addiction and Substance Abuse (Califano, 2002) have suggested
adolescence as a risk period based on population data.

The present data confirm

observations made in the human population and further, because this is an animal model
of addiction, suggest the distinct possibility that basic biological factors may be
fundamental in the manifestation of adolescent alcohol use and subsequent addiction.
The results suggest the possibility that the biological transition that occurs during
adolescence may manifest itself, in part, as increased preference for the appetitive aspects
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of alcohol. This could result in an increased probability of initiation/use. Further, given
the substantial amount of data that suggests higher risk of alcoholism in those initiating
alcohol use in adolescence (DeWit et al., 2000, De Wit et al., 1999, Grant and Dawson,
1998, Hawkins et al., 1992, Hawkins et al., 1997, Guo et al., 2000); it is important to
determine how alcohol exposure during this time alters the systems which mediate
alcohol induced reinforcement.

The present study demonstrates that reinforcement

mechanisms do not function identically in late adolescent and young adult animals.
Alcohol use during this critical period likely alters the natural transition of these
reinforcement mechanisms as adulthood approaches. Studies examining the effects of
repeated drug exposure on the subsequent responsiveness of the adolescent mesolimbic
DA system are currently being examined in our laboratory.
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EFFECTS OF REPEATED ETHANOL ON BASAL DOPAMINE LEVELS

Abstract
Recent research indicates that alcohol use/abuse is often initiated during the adolescent
period and that brain reinforcement pathways [e.g., the mesolimbic dopamine (DA)
pathway] are undergoing developmental transition. Our research focuses on the effects of
ethanol administration on neural mechanisms associated with addiction in preadolescent
(postnatal day; PND 25), adolescent (PND 35, PND 45) and young adult (PND 60)
animals. Using conditioned place preference (CPP) testing we have shown that
adolescent animals are unique in their responses to ethanol. CPP has been associated with
contextually conditioned incentive motivation, our results suggest that younger animals
may be more vulnerable to addiction. The present data reveal that adolescent animals are
neurochemically distinct in response to ethanols effects. Using in vivo microdialysis
within the nucleus accumbens septi (NAcc) we have determined the dopaminergic
(DAergic) response across development. Results reveal that the basal levels of DA
transition during the adolescent period and differ from preadolescent or adult animals.
Specifically, PND 45 animals exhibited significantly higher, and PND 25 significantly
lower, basal DA levels than all other ages examined. Further, repeated exposure to
ethanol elevated basal DA levels significantly regardless of age or dose. Basal
DOPAC/DA ratio also differed as a function of age, with PND 35 and PND 60 animals
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demonstrating the highest ratios, and PND 45 animals producing the lowest baseline
levels. Repeated ethanol exposure produced significant changes in basal ratios as a
function of age. Interestingly, PND 45 animals exhibited no change in ratios with
repeated exposure, while all other ages demonstrated a dose dependent rise in
DOPAC/DA ratios. These data indicate an age dependant difference in the homeostatic
alterations of mesolimbic systems in response to repeated ethanol treatment, an effect that
may manifest itself as differences in behavioral responsivity and conditionability to the
alcohol and it’s effects.
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Introduction
Adolescence

is

a

complex

developmental

period

involving

increased

socialization, risk taking, cognitive and sexual development and rapid growth. This
period is characterized by exploring potentials, challenging protective barriers to
transition from a dependent to an independent organism.

A natural consequence of

adolescence is tremendous experimentation and risk taking (for review see Spear, 2000) a
pattern that, in the arena of drug abuse often manifests itself as first time drug use and the
potential for drug abuse (Zuckerman 1974). Drug use typically begins early in the
maturational process, increasing dramatically in adolescence.

By twelfth grade,

approximately 80.3% of U.S. adolescents have used alcohol at some time, an increase
from 51.7% for 8th graders (Johnston 2000). Adult lifetime prevalence data indicate
81.3% have had some experience with alcoho l, a rate only slightly higher than that
reported for 12th graders, suggesting that during adolescence most individuals have their
first experience with the drug. Of particular importance, the rate of initiation of alcohol
use among the 12-17 year old age group has increased in recent years (SAMHSA 1999).
Developmental changes in the mesolimbic system, which projects from the
ventral tegmental area (VTA) to the nucleus accumbens septi (NAcc), may mediate the
behavioral changes associated with adolescence. Consequently increasing the probability
of drug use initiation as well as potentiate the likelihood of abuse. It is clear that in both
human and rodent populations, mesolimbic dopamine (DA) systems are undergoing
tremendous transition. Basal DA synthesis in the NAcc is lower in postnatal day 30
(PND 30) than PND 40 rats and turnover rates for PND 30 animals are less than reported
in adults (Andersen, Rutstein et al. 1997).
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DA receptor populations also change

exhibiting a pattern of overproduction and pruning across adolescence (Teicher,
Andersen et al. 1995; Andersen, Rutstein et al. 1997; Andersen and Teicher 2000). This
pattern is similar in humans as well (Seeman, Bzowej et al. 1987). In rats, the density of
D1, D2, and D4 receptors in the NAcc increases to a peak at PND 28, and then declines
significantly to adult levels at PND 60 (Tarazi and Baldessarini 2000). Parallel with
these changes, DA transporter levels are undergoing substantial change, increasing in
concentration in the NAcc to adult levels through adolescence (Coulter, Happe et al.
1996; Coulter, Happe et al. 1997).
The dynamic changes in the mesolimbic DA system during adolescence sugge sts
that processes mediated by this system are unlikely to manifest themselves similarly in
adults. Across adolescence there may be tremendous transitions in reactivity to stimuli
(eg., drugs) that act on these systems. Particularly, developmental transitions in this
pathway may mediate the increased likelihood of engaging in drug use initiation (risk
taking) during adolescence. Thus, drugs of abuse may exhibit unique profiles of action in
these systems during adolescence and resultantly increase the probability for the
development of addiction among adolescents.
Methods
To examine the influence of ethanol exposure on NAcc DA, animals were placed
into one of two treatment conditions: acute or repeated ethanol, and administered one of
five doses: saline, 0.2, 0.5, 1.0 or 2.0 g/kg ethanol (17% v/v). Neurochemical responses
to treatment were measured using in vivo microdialysis following 4 days of treatment.
Coordinates for probe placement in the NAcc of PND 25, 35, 45 and 60 animals were
determined using weight based regression lines established in a prior study (Philpot,
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McQuown et al. 2001). All animals received injections (b.i.d.) at one of 4 age ranges:
21-24 (preadolescent), 31-34, 41-44 (periadolescent) or 56-59 (young adult) to exa mine
developmental differences in response profile. Four to eight animals were used per
group, for a total of 315 animals.
The probe was perfused with artificial cerebrospinal fluid (145 mM NaCl, 2.4
mM KCl, 1.0 mM MgCl2, 1.2 mM CaCl2, and 0.2 mM ascorbate, pH = 7.4) at a flow
rate of one µl/min and inserted (under anesthesia). Animals were placed within a BAS
Raturn Apparatus overnight to allow for elimination of anesthetic. Sampling began 24
hr following placement of the probe. Samples were collected (1µl/min) every 10 min
using a refrigerated fraction collector (BAS) and acidified with 0.25 N HClO 4. A total
of six baseline samples were collected the final three of which were used for the
calculation of baseline levels.

Drop sites were verified histologically to ensure

placement in the NAcc shell region.
Extracellular levels of DA, and 3,4-dihydroxyphenylacetic acid (DOPAC) were
determined using HPLC-EC. Direct injections of dialysis samples were separated by a
Microbore HPLC system (BAS) with a mobile phase consisting of monochloroacetic acid
(0.15 M), sodium octyl sulfate (0.50 mM), EDTA (1.0 mM) and acetonitrile (4.0%) (pH
= 2.9). Peaks were detected using a BAS LC-4C electrochemical detector (Bioanalytical
Systems, West Lafayette, IN) coupled to a radial flow electrode referenced at 0.800 V.
Data were analyzed using a 4 (Age) x 2 (Treatment) x 4 (Dose) ANOVA with subsequent
simple effects analyses and Fisher LSDs to isolate effects.
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Figure One
Basal DA in Dialysate (nM) Across Age
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Figure One : Analysis of basal DA revealed a significant main effect of

Age 3,279 F = 17.171, P < 0.05. Post Hoc analysis revealed that P25
animals exhibited significantly less basal DA in dialysate than PND 45 or
PND 60, while PND 45 animals demonstrated higher basal levels than all
other ages examined.

Results and Discussion
The present findings indicate late adolescent animals (ie., PND 45) produce
substantially greater quantities of DA in extracellular fluid than younger and older
animals (Figure One).

Given evidence suggesting that NAcc DA is related to both

responsiveness to novel stimuli and to drug abuse liability, and that these two factors are
correlated, it is reasonable to assume that differences in basal DA activity in the NAcc
may manifest itself as transitional differences in behavior. The developmental elevation
in DA may serve to produce the increased exploratory and risk-taking typically observed
in adolescence. The present study shows a lack of alteration in DOPAC/DA turnover at
this age (PND 45; Figure Two), suggesting a failure to adapt to repeated ethanol, or at a
minimum a unique fashion of adaptation at this age that may result in increased reactivity
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to ethanol following repeated use relative to other ages. Further, the unique status of the
DA system during this time, coupled to its unique response to repeated ethanol, may
result in a system that develops differentially as a result of alcohol exposure during
adolescence. This may, in turn, increase the likelihood of long-term ethanol use, abuse
and dependence.

Figure Two
Basal DOPAC/DA Ratio Across Age
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Figure Two: Analysis of basal DOPAC/DA ratio revealed a significant

Age X Pretreatment interaction 3, 279 F = 7.637, p < 0.05. Analysis of
simple effects in Naïve animals revealed that PND 60 animals produce
higher DOPAC/DA ratios than all other ages, and that PND 45. With
Repeated exposure, PND 25 animals exhibited lower turnover values than
PND 35 or PND 60, and PND 45 animals exhibited lower turnover than all
ages. Importantly, PND 45 animals failed to demonstrate an elevation in
DOPAC/DA ratio following repeated ethanol.
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ETHANOL MEDIATED DOPAMINE RELEASE IN THE NUCLEUS
ACCUMBENS SEPTI OF ADOLESCENT ANIMALS

Abstract
The mesolimbic dopamine (DA) system has been implicated as central to motivated
behaviors. This system has been demonstrated to mediate the motivational aspects of
natural reinforcers. It is now well known that DA activity increases in the nucleus
accumbens septi (NAcc) with exposure to addictive substances and manipulation of this
response alters the motivational capacity of drugs of abuse. Recent research has revealed
that the mesolimbic system of periadolescent animals is undergoing dramatic transition in
functional tone. DA receptor and transporter levels are up regulated, synthesis rates are
altered, and innervation from prefrontal cortex (PFC), involved in regulating tonic and
phasic DA activity, is increasing. Consequently, during adolescence there is a dramatic
change in tonic DA levels, variations in phasic responses to acute drug administration and
alterations in how the system adapts to repeated drug exposure. These data suggests that
adolescents may be particularly susceptible to addiction. The present study examined the
responsiveness of the NAcc to the administration of ethanol in adolescent and adult
animals.

The results indicate that adolescents are different from adults in their

neurochemical responsiveness to alcohol and suggest that late adolescent animals are
particularly vulnerable to the rewarding effects of repeated ethanol administration.
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Introduction
Drug use typically begins early in the maturational process and increases
dramatically in adolescence. Adult lifetime prevalence data indicate 81.3% have had
some experience with alcohol, a rate only slightly higher than that reported for high
school students in 12th grade, suggesting that during adolescence most individua ls have
their first experience with the drug. Approximately 10.7 million people aged 12 to 20
were current alcohol users in 2002. From 12 years to 17 years of age current use rates for
alcohol increased from 2.6% to 36.2% (SAMHSA 2003b). Within the ages 12 to 15 rates
of recent alcohol use increased to 21.5%, increasing to more than 8 times in a four year
span (SAMHSA 2003a). Of particular importance, the numbers of initial alcohol users
among the 12-17 year old age group increased from 2.2 to 3.1 million between 1995 and
2000 revealing a recent rise in the initiation of use in the adolescent population
(SAMHSA 2003c). These data indicate both a significant initiation of use in early
adolescence as well as a rapid increase in using during the adolescent period.
Adolescence

is

a

complex

developmental

period

involving

increased

socialization, risk taking, cognitive development, sexual development and rapid growth.
Its temporal boundaries are difficult to define as adolescence involves the occurrence of a
range of events over a broad period. In humans, adolescence is a period in which the
developing organism begins to explore potentials, to challenge protective barriers and
structure in order to transition from a dependent child to an independent adult (Spear
2000a).

A natural consequence of this developmental strategy is tremendous

experimentation and risk taking a pattern that can manifests itself as first time drug use
and subsequent drug abuse (Zuckerman 1974).
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Interestingly, many of the biological and behavioral characteristics of human
adolescence are paralleled in the rodent population. O'dell (1990) has defined the period
of adolescence in the rat as between PND 20 and 55 based on hormonal changes
associated with sexual development.

During this broad timeframe, behavioral

characteristics emerge that are similar to those observed in the human adolescent.
Rodents increase play behavior with conspecifics during this time and show increased
activity and exploratory behavior. Continuing development of the central nervous system
(CNS) may underlie observed behavioral changes in both humans and rodents (Spear
2000b).
The CNS structure most frequently implicated in mediating addictive processes is
the nucleus accumbens septi (NAcc), which receives dopaminergic (DAergic) input from
the ventral tegmental area (VTA). Manipulations that directly stimulate dopamine (DA)
receptors in the NAcc reinforce many behaviors (Olds and Fobes 1981) including place
preference and lever pressing. Electrical stimulation of the NAcc itself, or any of the
pathways which result in increased DA efflux within the NAcc, produce behavioral
reinforcement and animals will lever press for this stimulation (Crow 1971; Anlezark et
al. 1972; Crow 1972, 1973; Anlezark et al. 1974).

Additionally, injections of DA

agonists into the NAcc have rewarding effects, producing a conditioned place preference
(CPP) in treated animals (Hoebel et al. 1983).

Animals will also lever press for

microinjections of DA or amphetamine directly into the NAcc (Hoebel et al. 1983)
indicating that drug stimulation of this region is sufficient to establish and maintain
stimulant use. This region also appears to be directly involved in the reinforcing effects
of cocaine (Moghaddam and Bunney 1989) and the administration of numerous drugs,
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including alcohol, all elicit a significant increase in DA levels in the NAcc (Phillips et al.
1983; Koob 1992a, 1992b, 1992c, 1996b, 1996a; Phillips and Shen 1996). Decreasing
DA release in the NAcc results in higher stimulation thresholds for electrical brain selfstimulation, mimicking the effect of systemic administration of DA antagonists. Direct
injections of DA receptor blockers into the NAcc necessitate a large increase in the
amount of electrical stimulation necessary to maintain self-stimulation behavior (Stellar
et al. 1983). Additionally, experiments using animals which are trained to self-administer
cocaine or amphetamine have shown that microinjections of DA antagonists (directly into
the NAcc) decrease self-administration (Koob 1992a) when administered in sufficient
quantities. Moreover, following 6-hydroxydopamine (6-OHDA) lesions, animals will no
longer lever press to administer the DAergic agonists cocaine or amphetamine (Zito et al.
1985; Roberts 1989).

However, they will vigorously respond if apomorphine (DA

receptor agonist) is infused into the NAcc during the self-administration procedure,
producing post-synaptic activity despite the lesion. Taken together, these studies show
the central role that DA activation of the postsynaptic receptors of the NAcc plays in a
broad range of reinforcing behaviors.
It is likely that neurophysiological changes in the mesolimbic system during
development modulate the initiation of drug use and potentiate the likelihood of abuse
during adolescence. Specifically, it is clear in both human and rodent populations that
the mesolimbic DA systems are undergoing tremendous transition during adolescence.
Neurochemically, basal DA synthesis in the NAcc is lower in postnatal day 30 (PND 30)
than PND 40 rats and turnover rates for PND 30 animals are less than those reported in
adults (Andersen et al. 1997). Research on DA receptor populations indicates a pattern of
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overproduction and pruning that occurs across adolescence in a sex-specific manner
(Teicher et al. 1995; Andersen et al. 1997; Andersen and Teicher 2000) with males
exhibiting greater levels across age and greater over production of D1 and D2 receptor
types. This pattern is similar in humans as well (Seeman et al. 1987). In rats, the density
of D1, D2, and D4 receptors in the NAcc increases to peak at PND 28, and then declines
significantly to adult levels at PND 60 (Tarazi and Baldessarini 2000). Furthermore, D3
receptor numbers appear to increase monotonically, with some reports finding adult
levels at weaning (i.e., PND 21) (Demotes-Mainard et al. 1996) but others find D3 levels
in weanlings far lower than those observed in adults (Stanwood et al. 1997).

In

conjunction with receptor density changes, D1 stimulatory and D2 inhibitory effects on
adenylyl cyclase production are less apparent in adolescence than in adults (Andersen and
Teicher 1999). Simultaneously, DA transporter levels are undergoing substantial change,
increasing in concentration in the NAcc to adult levels through adolescence (Coulter et al.
1996, 1997). This dynamic transition during adolescence suggests that processes that are
mediated by the mesolimbic DA system are unlikely to manifest themselves similarly in
adults and adolescents and that across adolescence there may be tremendous transitions in
reactivity to stimuli that act on these systems. Of particular importance, developmental
transitions in this system may mediate the increased likelihood of engaging in drug use
(risk taking) during adolescence and drugs of abuse may exhibit unique profiles of action
in these systems during adolescence that underlie the increased probability for the
development of addiction among adolescents. The present study utilized in vivo
microdialysis to examine ethanol’s effects on DA levels in the NAcc of adolescent and
adult animals.
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Methods
Animals
One hundred ninety two rats (Zivic Miller Laboratories) weighing from 50 - 300
g (PND 25, 60-90g; PND 35, 120-160g; PND 45, 180-240; PND 60, 220-350g) at the
time of dialysis were used in this study. No more than one male and one female per
litter were used in a given condition. Pups were sexed and culled to 10 pups per litter on
postnatal day one (PND 1). Pups remained housed with their respective dams in a
temperature and humidity-controlled vivarium on a 12:12h light: dark cycle (07:00h/
19:00h). On PND 21, pups were weaned and pair housed.
Surgery
Our laboratory has recently determined the effective coordinates for
microdialysis probe placement in PND 25, 35, 45 and 60 animals (Philpot et al. 2001)
for use in these procedures. Preadolescent (i.e., PND 24), periadolescent (i.e., PND 34,
44) and adult (PND 59) animals were anesthetized using a xylazine/ketamine cocktail
(0.15.and 1.0 mg/kg respectively). An incision was made over the skull, the guide
cannula affixed with cyanoacrylate and cranioplast and the dialysis probe lowered to the
NAcc shell. Anchor screws were used to insure sufficient support and topical lidocaine
was applied to the wound edge to reduce potential discomfort. The probe was perfused
with artificial cerebrospinal fluid (145 mM NaCl, 2.4 mM KCl, 1.0 mM MgCl2, 1.2 mM
CaCl2, and 0.2 mM ascorbate, pH = 7.4) at a flow rate of one µl/min and inserted (under
anesthesia) following solidification of the cranioplast. Animals were placed within a
BAS Raturn Apparatus overnight to allow for elimination of anesthetic.
Sampling began 24 hr following placement of the probe. Six baseline samples
were collected prior to drug manipulation, the final three of which were used for the
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calculation of baseline levels. After the collection of baseline samples animals received
an injection of saline or drug (as outlined in the specific experiments below). Samples
were collected (1µl/min) every 10 min for a total duration of 120 min after injection (60
minutes prior to injection) using a refrigerated fraction collector (BAS) and acidified
with 0.25 N HClO 4. Animals were overdosed with Nembutal (80 mg/kg), decapitated,
the probe removed and the brain frozen for sectioning to verify probe placement in the
NAcc shell region.
Dialysate Analysis
Extracellular levels of DA and the metabolite 3,4-dihydroxyphenylacetic acid
(DOPAC) were determined using High Performance Liquid Chromatography with
Electrochemical Detection (HPLC-EC). After acidification, samples were run or stored
at -80 O c. Direct injections of dialysis samples were separated by a Microbore HPLC
system (BAS) with a mobile phase consisting of monochloroacetic acid (0.15 M), sodium
octyl sulfate (0.50 mM), EDTA (1.0 mM) and acetonitrile (4.0%) (pH = 2.9). Peaks were
detected using a BAS LC-4C electrochemical detector (Bioanalytical Systems, West
Lafayette, IN) coupled to a radial flow electrode referenced at 0.800 V. Peak detection
limits for catechols using this system is 150 fg injected (Pers. Comm., BAS) at 1 nA
sensitivity with peak signal to noise ratio of at least 2:1. The recoveries of DA and
DOPAC through the dialysis membrane are 10-20% as measured in vitro at 23O C.
Ethanol-Induced NAcc DA Release Across Age
To examine the responsivity, tolerance and conditionability of the developing
NAcc to alcohol, animals were placed into one of three treatment conditions: acute,
repeated or expectancy, at one of four doses: saline, 0.5, 1.0 or 2.0 g/kg alcohol, and
neurochemical responses were measured. All animals received injections (b.i.d.) in one
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of 4 ages: 21-25 (preadolescent), 31-35, 41-45 (periadolescent) or 56-60 (young adult) to
examine developmental differences in response profile. Four animals were used per
group, for a total of 192 animals. Animals in the acute condition received injections
(b.i.d.) of saline followed by a drug challenge at the respective dose on the day of
dialysis.

Animals in the repeated condition received repeated drug injections and

received the respective dose on the day of testing. Animals in the expectancy condition
received repeated drug injections and were challenged with saline in the environment
previously paired with ethanol on the day of testing
Basal differences in nM concentrations were analyzed with a 4 (Age) x 4 (Dose)
ANOVA to determine age related and drug exposure induced changes in DA and
DOPAC. Drug effects on DA and DOPAC were analyzed using 4 (Age) x 4 (Dose) Area
Under the Curve (AUC) analysis of both absolute (nM) and percent relative to baseline
response profiles. Temporal drug effects on DA and DOPAC were analyzed using a 4
(Age) x 3 (Treatment) x 4 (Dose) x 13 (Time) factorial ANOVA with subsequent
Newman-Keuls planned comparisons to isolate effects over time.
Results
Basal Levels
DOPAC
Analysis of basal DOPAC revealed significant main effects of Age 3,279 F = 6.887, P <
0.05; Pretreatment 1,279 F = 49.251, p < 0.05; and Dose 4, 279 F = 2.719, p < 0.05. A
significant Dose X Pretreatment interaction 3, 279 F = 3.690, p < 0.05 was also
observed.
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Figure One: Basal DOPAC Levels in the NAcc
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Figure One : PND 25 and PND 45 animals possessed significantly less

DOPAC in dialysate than their PND 35 and PND 60 counterparts (A).
Following Repeated treatment with 0.5, 1.0 or 2.0 g/kg EtOH DOPAC
levels were elevated over Saline or 0.2 g/kg EtOH treated animals. 2.0
g/kg treatment produced elevations over 0.5 and 1.0 g/kg EtOH (B).
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Post Hoc analysis demonstrated that PND 25 and PND 45 animals possessed
significantly less DOPAC in dialysate than their PND 35 and PND 60 counterparts
(Figure One: A).
Analysis of simple effects revealed that following Repeated treatment with 0.5,
1.0 or 2.0 g/kg EtOH DOPAC levels were elevated over Saline or 0.2 g/kg EtOH treated
animals. Further, 2.0 g/kg treatment produced elevations over 0.5 and 1.0 g/kg EtOH
(Figure One: B).
DA
Analysis of basal DA revealed significant main effects of Age 3,279 F = 17.171,
P < 0.05; and Pretreatment 1, 279 F = 28.071, p < 0.05.
Post Hoc analysis revealed that PND 25 animals exhibited significantly less basal
DA in dialysate tha n PND 45 or PND 60, while PND 45 animals demonstrated higher
basal levels than all other ages examined (Figure Two: A).

Additionally, animals

pretreated with alcohol (Repeated and Expectancy groups) demonstrated higher basal
levels than those receiving only saline during the pretreatment phase (Figure Two: B).
DOPAC/DA
Analysis of basal DOPAC/DA ratio revealed significant main effects of Age
3,279 F = 30.728, P < 0.05; Pretreatment 1, 279 F = 48.495, p < 0.05 and Dose 4, 279 F =
4.248, p < 0.05 ;a significant Age X Pretreatment 3, 279 F = 7.637, p < 0.05 and Dose X
Pretreatment interaction 3,279 F = 3.589, p < 0.05. Post Hoc analysis revealed that PND
45 animals had significantly lower DOPAC/DA ratios than all other ages, and that PND
25 animals demonstrated lower ratios than PND 35 or PND 60 (Figure Three: A).
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Figure Two: Basal DA Levels in the NAcc
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Figure Two : PND 25 animals exhibited significantly less basal DA in

dialysate than PND 45 or PND 60. PND 45 animals demonstrated higher
basal levels than all other ages examined (A). Animals pretreated with
alcohol demonstrated higher basal levels than saline treated animals (B).
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Figure Three: Basal DOPAC/DA Levels in the NAcc
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Figure Three : PND 45 animals had significantly lower DOPAC/DA ratios

than all other ages, and PND 25 animals demonstrated lower ratios than
PND 35 or PND 60 (A). In naïve animals, PND 60 animals demonstrated
higher DOPAC/DA ratios than all other ages, and that PND 35 animals
exhibited greater ratios than PND 45. With repeated exposure, PND 25
animals exhibit lower turnover values than PND 35 or PND 60, and PND
45 animals exhibited lower turnover than all ages. PND 45 animals did not
show the elevation in turnover following repeated EtOH observed in all
other ages (B). Repeated ethanol exposure shifted turnover rates. 0.5, 1.0
and 2.0 g/kg produced significant increases in DOPAC/ DA ratio over
Saline. 1.0 and 2.0 g/kg elevated turnover over 0.2 and 0.5 g/kg (C).
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Analysis of Simple effects in Naïve animals revealed that PND 60 animals
demonstrated higher DOPAC/DA ratios than all other ages, and that PND 35 animals
exhibited greater ratios than PND 45. However, with Repeated exposure, PND 25
animals exhibit lower turnover values than PND 35 or PND 60, and PND 45 animals
exhibited lower turnover than all ages. PND 45 animals did not show an elevation in
turnover following repeated EtOH which was observed in all other ages (Figure Three:
B). Additionally, following Repeated ethanol exposure there was a shift in turnover rates
with 0.5, 1.0 and 2.0 g/kg producing significant increases in DOPAC/ DA ratio over
Saline, and 1.0 and 2.0 g/kg elevating turnover over 0.2 and 0.5 g/kg as well (Figure
Three: C).
Figure Four
DOPAC Peak Area Under the Curve
Following Ethanol Administration
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Figure Four: Saline was significantly different from 0.5, 1.0 and 2.0 g/kg

i.p., while 0.2 and 0.5 g/kg were significantly different from 1.0 and 2.0
g/kg i.p.
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Treatment Effects
DOPAC
Peak DOPAC (%) AUC varied significantly as a function of Treatment, F (2, 265)
= 14.989, p < 0.05 and Dose, F (3, 265) = 8.770, p < 0.05 and exhibited an Age X
Treatment, F (6, 265) = 2.947, p < 0.05 interaction.
Subsequent Fisher’s PLSD revealed that Saline was significantly different from
0.5, 1.0 and 2.0 g/kg i.p., while 0.2 and 0.5 g/kg were significantly different from 1.0 and
2.0 g/kg i.p. (Figure Four)
Analysis of simple effects revealed that for PND 25 animals, Saline, Repeated and
Expectancy were significantly different from Acute while for PND 35 animals Saline and
Expectancy significantly differed from Acute (Figure Five).

Figure Five
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Figure Five : For PND 25 animals, Saline, Repeated and Expectancy

differed from Acute. For PND 35 animals Saline and Expectancy differed
from Acute.
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DA
Peak DA (%) AUC varied significantly as a function of Treatment, F (2, 265) =
14.316, p < 0.05 and Dose, F (3, 265) = 5.963, p < 0.05 and exhibited an Treatment X
Dose, F (6, 265) = 2.820, p < 0.05 interaction.
Analysis of simple effects revealed that for Acute treatment Saline and 0.2 g/kg
were significantly different from 1.0 and 2.0 g/kg i.p. and 0.5 g/kg was significantly
different from 2.0 g/kg i.p. For Repeated treatment 0.2 g/kg significantly differed from
1.0 and 2.0 g/kg i.p. Additionally, for 0.5 g/kg i.p. Saline differed significantly from
Acute and Repeated, and Expectancy differed significantly from Acute. For 1.0 and 2.0
g/kg i.p. Saline differed significantly from Acute, Repeated and Expectancy, Expectanc y
differed significantly from Acute and Repeated and Repeated differed significantly from
Acute (Figure Six).
DOPAC/DA
Peak DOPAC/DA (%) AUC exhibited a significant Age X Treatment F (6, 265)
= 2.769, p < 0.05 interaction.
Analysis of simple effects revealed that for Acute treatment PND 25 animals were
significantly different from PND 35, 45 and 60. Additionally, for PND 25 animals Saline
and Acute differed significantly from Repeated and Expectancy treatments.
Temporal Effects
DA
SALINE
For PND 25 animals Area Under the Curve analysis revealed two peaks following
Saline challenge, 10 (AUC = 304.1) and 90 (AUC = 276.7) minutes post injection.
However, there were no significant elevations over baseline values for a given ten minute
interval. For PND 35 animals Area Under the Curve analysis revealed no peaks
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Figure Six
DA Area Under the Curve
Following Ethanol Treatment
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Figure Six : For Acute treatment, Saline and 0.2 g/kg were significantly

different from 1.0 and 2.0 g/kg i.p. and 0.5 g/kg was significantly different
from 2.0 g/kg i.p. For Repeated treatment 0.2 g/kg significantly differed
from 1.0 and 2.0 g/kg i.p. For 0.5 g/kg i.p. Saline differed significantly
from Acute and Repeated, and Expectancy differed significantly from
Acute. For 1.0 and 2.0 g/kg i.p. Saline differed significantly from Acute,
Repeated and Expectancy. Expectancy differed significantly from Acute
and Repeated and Repeated differed significantly from Acute.

following Saline challenge. For PND 45 animals Area Under the Curve analysis revealed
one peak following Saline challenge, 80 (AUC = 428.7) minutes post injection.
However, there were no significant elevations over baseline values for a given ten minute
interval.

For PND 60 animals Area Under the Curve analysis revealed two peaks

following Saline challenge, 70 (AUC = 508.7) and 110 (AUC = 418.5) minutes post
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injection. However, there were no significant elevations over baseline values for a given
ten minute interval. No peaks differed significantly across age.
ACUTE (Figure Seven A-D)

0.2 G/ KG ETOH
For PND 25 animals Area Under the Curve analysis revealed one peak following
0.2 g/kg EtOH challenge, 40 (AUC = 1490) minutes post injection. However, there were
no significant elevations over baseline values for a given ten minute interval. For PND
35 animals Area Under the Curve analysis revealed one peak following 0.2 g/kg EtOH
challenge, 70 (AUC = 3157) minutes post injection. However, there were no significant
elevations over baseline values for a given ten minute interval. For PND 45 animals Area
Under the Curve analysis revealed one peak following 0.2 g/kg EtOH challenge, 80
(AUC = 4597) minutes post injection.

This value was significantly elevated over

Baseline and over PND 25 animals at 80 minutes post- injection. For PND 60 animals
Area Under the Curve analysis revealed one peak following 0.2 g/kg EtOH challenge, 80
(AUC = 4008) minutes post injection. This value was significantly elevated over PND
25 animals at 80 minutes post- injection but was not significantly different from baseline.
0.5 G/ KG ETOH
For PND 25 animals Area Under the Curve analysis revealed one peak following
0.5 g/kg EtOH challenge, 40 (AUC = 7837) minutes post injection.

Analysis for

significance versus baseline (Dunnett’s,) revealed a significant elevation 40 and 60
minutes post-injection. For PND 35 animals Area Under the Curve analysis revealed one
peak following 0.5 g/kg EtOH challenge, 20 (AUC = 10384) minutes post injection.
However, there were no significant elevations over baseline values for a given ten minute
interval.

For PND 45 animals Area Under the Curve analysis revealed one peak
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following 0.5 g/kg EtOH challenge, 50 (AUC = 4290) minutes post injection. However,
there were no significant elevations over baseline values for a given ten minute interval.
For PND 60 animals Area Under the Curve analysis revealed one peak following 0.5 g/kg
EtOH challenge, 60 (AUC = 4503) minutes post injection. Analysis for significance
versus baseline (Dunnett’s,) revealed a significant elevation 50 and 60 minutes postinjection.
1.0 G/ KG ETOH
For PND 25 animals Area Under the Curve analysis revealed one peak following
1.0 g/kg EtOH challenge, 50 (AUC = 10572) minutes post injection.

Analysis for

significance versus baseline (Dunnett’s,) revealed a significant elevation 40 - 60 minutes
post-injection. For PND 35 animals Area Under the Curve analysis revealed one peak
following 1.0 g/kg EtOH challenge, 60 (AUC = 15288) minutes post injection. Analysis
for significance versus baseline (Dunnett’s,) revealed a significant elevation 50 – 70
minutes post-injection. For PND 45 animals Area Under the Curve analysis revealed one
peak following 1.0 g/kg EtOH challenge, 40 (AUC = 11734) minutes post injection.
However, there were no significant elevations over baseline values for a given ten minute
interval.

For PND 60 animals Area Under the Curve analysis revealed one peak

following 1.0 g/kg EtOH challenge, 60 (AUC = 5539) minutes post injection. Analysis
for significance versus baseline (Dunnett’s,) revealed a significant elevation 60 minutes
post-injection.
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Figure Seven

Effects of Acute EtOH
0.2 g/kg EtOH

A.

Acute 0.2 EtOH
PND 25

500
400

20000

PND 35

PND 25

PND 45
PND 60

PND 35
PND 45

300

PND 60

10000

200
100
0

AGE
-100

Time (Min)

0.5 g/kg EtOH

B.

Acute 0.5 EtOH
PND 25
PND 35

500

20000

PND 25

PND 45

400

PND 35

PND 60

PND 45
PND 60

300
10000

200

C.

100
0

AGE
-100

Time (Min)

1.0 g/kg EtOH

C.

Acute 1.0 EtOH
PND 25

500

20000

PND 25

PND 35
PND 45

400

PND 35

PND 60

PND 45

300

PND 60

10000

200
100
0

AGE
-100

Time (Min)

2.0 g/kg EtOH

D.

Acute 2.0 EtOH
PND 25

500

20000

PND 35
PND 45

400

PND 25
PND 35

PND 60

PND 45

300

PND 60

10000

200
100
0

AGE
-100

Time (Min)

Figure Seven: Acute EtOH administration elevated NAcc DA levels in all

ages in a dose dependent fashion. PND 45 animals were unique in
demonstration peak elevations at 1.0 g/kg. All other ages demonstrated
either peak elevations at 2.0 g/kg or, in the case of PND 35 animals, a
plateau at 1.0 and 2.0 g/kg. Temporally, for all ages, DA elevations
occurred between 30 and 70 minutes post injection.
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2.0 G/ KG ETOH
For PND 25 animals Area Under the Curve analysis revealed one peak following
2.0 g/kg EtOH challenge, 60 (AUC = 14969) minutes post injection. Analysis for
significance versus baseline (Dunnett’s,) revealed a significant elevation 50 and 60
minutes post-injection. For PND 35 animals Area Under the Curve analysis revealed one
peak following 2.0 g/kg EtOH challenge, 50 (AUC = 15097) minutes post injection.
Analysis for significance versus baseline (Dunnett’s,) revealed a significant elevation 30 70 minutes post- injection. For PND 45 animals Area Under the Curve analysis revealed
one peak following 2.0 g/kg EtOH challenge, 40 (AUC = 8060) minutes post injection.
Analysis for significance versus baseline (Dunnett’s,) revealed a significant elevation 40 50 minutes post-injection. For PND 60 animals Area Under the Curve analysis revealed
one peak following 2.0 g/kg EtOH challenge, 40 (AUC = 11122) minutes post injection.
Analysis for significance versus baseline (Dunnett’s,) revealed a significant elevation 40 50 minutes post- injection.

REPEATED (Figure Eight A-D)

0.2 G/ KG ETOH
For PND 25 animals Area Under the Curve analysis revealed one peak following
0.2 g/kg EtOH challenge, 20 (AUC = 4132) minutes post injection. However, there were
no significant elevations over baseline values for a given ten minute interval. For PND
35 animals Area Under the Curve analysis revealed one peak following 0.2 g/kg EtOH
challenge, 20 (AUC = 4133) minutes post injection. However, there were no significant
elevations over baseline values for a given ten minute interval. For PND 45 animals Area
Under the Curve analysis revealed one peak following 0.2 g/kg EtOH challenge, 20
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(AUC = 4199) minutes post injection. However, there were no significant elevations
over baseline values for a given ten minute interval. For PND 60 animals Area Under the
Curve analysis revealed one peak following 0.2 g/kg EtOH challenge, 40 (AUC = 2730)
minutes post injection. However, there were no significant elevations over baseline
values for a given ten minute interval.
0.5 G. KG ETOH
For PND 25 animals Area Under the Curve analysis revealed one peak following
0.5 g/kg EtOH challenge, 30 (AUC = 5553) minutes post injection.

Analysis for

significance versus baseline (Dunnett’s,) revealed a significant elevation 20 - 40 minutes
post-injection. For PND 35 animals Area Under the Curve analysis revealed one peak
following 0.5 g/kg EtOH challenge, 50 (AUC = 8274) minutes post injection. However,
there were no significant elevations over baseline values for a given ten minute interval.
For PND 45 animals Area Under the Curve analysis revealed one peak following 0.5 g/kg
EtOH challenge, 40 (AUC = 4474) minutes post injection. Analysis for significance
versus baseline (Dunnett’s,) revealed a significant elevation 40 - 50 minutes postinjection.

For PND 60 animals Area Under the Curve analysis revealed one peak

following 0.5 g/kg EtOH challenge, 40 (AUC = 3742) minutes post injection. However,
there were no significant elevations over baseline values for a given ten minute interval.
1.0 G/ KG ETOH
For PND 25 animals Area Under the Curve analysis revealed one peak following
1.0 g/kg EtOH challenge, 40 (AUC = 7648) minutes post injection.

Analysis for

significance versus baseline (Dunnett’s,) revealed a significant elevation 20 - 50 minutes
post-injection. For PND 35 animals Area Under the Curve analysis revealed two peaks
following 1.0 g/kg EtOH challenge, 40 (AUC = 7724) and 100 (AUC = 322.5) minutes
87

post injection.

Analysis for significance versus baseline (Dunnett’s,) revealed a

significant elevation 30 - 40 minutes post- injection. For PND 45 animals Area Under the
Curve analysis revealed one peak following 1.0 g/kg EtOH challenge, 40 (AUC = 8135)
minutes post injection. Analysis for significance versus baseline (Dunnett’s,) revealed a
significant elevation 40 minutes post- injection. For PND 60 animals Area Under the
Curve analysis revealed one peak following 1.0 g/kg EtOH challenge, 80 (AUC = 5057)
minutes post injection. However, there were no significant elevations over baseline
values for a given ten minute interval.
2.0 G/ KG ETOH
For PND 25 animals Area Under the Curve analysis revealed one peak following
2.0 g/kg EtOH challenge, 30 (AUC = 6764) minutes post injection.

Analysis for

significance versus baseline (Dunnett’s,) revealed a significant elevation 30 - 40 minutes
post-injection. For PND 35 animals Area Under the Curve analysis revealed one peak
following 2.0 g/kg EtOH challenge, 30 (AUC = 8488) minutes post injection. Analysis
for significance versus baseline (Dunnett’s,) revealed a significant elevation 30 - 40
minutes post-injection. For PND 45 animals Area Under the Curve analysis revealed one
peak following 2.0 g/kg EtOH challenge, 60 (AUC = 6921) minutes post injection.
However, there were no significant elevations over baseline values for a given ten minute
interval.

For PND 60 animals Area Under the Curve analysis revealed one peak

following 2.0 g/kg EtOH challenge, 60 (AUC = 7345) minutes post injection. However,
there were no significant elevations over baseline values for a given ten minute interval.
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Figure Eight

Effects of Repeated EtOH
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Figure Eight: Repeated EtOH administration elevated NAcc DA levels in

all ages. For PND 25 and 35 animals, effects asymptote 0.5 g/kg. PND 45
animals reached plateau at 1.0 g/kg while PND 60 animals demonstrated a
dose dependent increase. Temporally, effects occurred between 20 and 80
minutes post injection.
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EXPECTANCY (Figure Nine A-D)

0.2 G/ KG ETOH
For PND 25 animals Area Under the Curve analysis revealed one peak following
Saline challenge, 10 (AUC = 4849) minutes post injection. However, there were no
significant elevations over baseline values for a given ten minute interval. For PND 35
animals Area Under the Curve analysis revealed three peaks following Saline challenge,
10 (AUC = 1269), 50 (AUC = 124.6) and 110 (AUC = 213.8) minutes post injection.
However, the re were no significant elevations over baseline values for a given ten minute
interval.

For PND 45 animals Area Under the Curve analysis revealed one peak

following Saline challenge, 60 (AUC = 9317) minutes post injection. However, there
were no significant elevations over baseline values for a given ten minute interval. For
PND 60 animals Area Under the Curve analysis revealed one peak following Saline
challenge, 80 (AUC = 2185) minutes post injection. However, there were no significant
elevations over baseline values for a given ten minute interval.
0.5 G/ KG ETOH
Area Under the Curve analysis revealed one peak following Saline
challenge, 40 (AUC = 1198) minutes post injection. However, there were no significant
elevations over baseline values for a given ten minute interval. For PND 35 animals Area
Under the Curve analysis revealed three peaks following Saline challenge, 30 (AUC =
2413), 80 (AUC = 57.14) and 110 (AUC = 390.5) minutes post injection. Analysis for
significance versus baseline (Dunnett’s,) revealed a significant elevation 30 minutes postinjection.

For PND 45 animals Area Under the Curve analysis revealed one peak

following Saline challenge, 30 (AUC = 5043) minutes post injection. However, there
were no significant elevations over baseline values for a given ten minute interval. For
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PND 60 animals Area Under the Curve analysis revealed one peak following Saline
challenge, 20 (AUC = 766.8) minutes post injection. However, there were no significant
elevations over baseline values for a given ten minute interval.
1.0 G/ KG ETOH
For PND 25 animals Area Under the Curve analysis revealed one peak following Saline
challenge, 30 (AUC = 3019) minutes post injection. Analysis for significance versus
baseline (Dunnett’s,) revealed a significant elevation 30 minutes post- injection. For PND
35 animals Area Under the Curve analysis revealed two peaks following Saline
challenge, 50 (AUC = 5431) and 110 (AUC = 967.7) minutes post injection. Analysis for
significance versus baseline (Dunnett’s,) revealed a significant elevation 50 minutes postinjection.

For PND 45 animals Area Under the Curve analysis revealed one peak

following Saline challenge, 40 (AUC = 2409) minutes post injection.

Analysis for

significance versus baseline (Dunnett’s,) revealed a significant elevation 40 - 50 minutes
post-injection. For PND 60 animals Area Under the Curve analysis revealed two peaks
following Saline challenge, 40 (AUC = 2312) and 80 (AUC = 179.8) minutes post
injection. Analysis for significance versus baseline (Dunnett’s,) revealed a significant
elevation 40 minutes post- injection.
2.0 G/ KG ETOH
For PND 25 animals Area Under the Curve analysis revealed one peak following
Saline challenge, 30 (AUC = 3039) minutes post injection. Analysis for significance
versus baseline (Dunnett’s,) revealed a significant elevation 30 minutes post- injection.
For PND 35 animals Area Under the Curve analysis revealed one peak following Saline
challenge, 40 (AUC = 2265) minutes post injection. However, there were no significant
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Figure Nine

Effects of Expected EtOH
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Figure Nine : All animals exhibited a Saline induced elevation in NAcc DA

following EtOH pretreatment.
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elevations over baseline values for a given ten minute interval. For PND 45 animals Area
Under the Curve analysis revealed one peak following Saline challenge, 60 (AUC =
3920) minutes post injection.

However, there were no significant elevations over

baseline values for a given ten minute interval. For PND 60 animals Area Under the
Curve analysis revealed one peak following Saline challenge, 40 (AUC = 4210) minutes
post injection.

Analysis for significance versus baseline (Dunnett’s,) revealed a

significant elevation 40 and 60 minutes post- injection.
Discussion
The initiation of drug use and subsequent abuse liability is an issue of tremendous
social significance in the adolescent population (SAMHSA 2003c, 2003a). Rates of drug
use initiation are highest during the adolescent period and the risk of subsequent
addiction is directly related to the age of use onset, with individuals initiating use prior to
age 14 four times as likely to experience drug abuse or dependence related problems
(Robins and Przybeck 1985; Anthony and Petronis 1995; DeWit et al. 2000). This
relationship begs the question: do those predisposed to substance abuse and addiction
initiate use earlier in life, or does the initiation of drug use earlier in life result in an
increased propensity to drug addiction? While a few behavioral studies have attempted
to address this in the human population, it is likely that if early drug use predisposes one
to addiction, the biological mechanism for this process is drug induced alterations in the
development of neural systems involved in motivated behavior.
A preponderance of evidence implicates the mesolimbic DA system as directly
involved in a variety of basic motivational processes and appears to be key in the
initiation and maintenance of drug administration behavior (Phillips et al. 1983; Hoebel
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1985; Koob 1992a, 1992b; Koob et al. 1994; Koob 1996b, 1999; Leshner and Koob
1999; Koob 2000). Further, developmental studies have indicated that this system is
undergoing substantial changes during the adolescent period (Seeman et al. 1987; Levy
1991; Teicher et al. 1993; Andersen and Gazzara 1994; Teicher et al. 1995; Coulter et al.
1996; Andersen et al. 1997; Anderson et al. 1997; Coulter et al. 1997; Teicher et al. 1998;
Andersen and Teicher 1999; Seeman 1999a; Seeman 1999b; Andersen and Teicher 2000;
Andersen et al. 2002). This relationship has lead investigators to suggest that some
observed behavioral differences in adults and adolescents are mediated by alterations in
the functionality of the DAergic system in the NAcc, as well as by the changing strength
of various modulatory components within and innervating the NAcc (Spear 2000b;
Chambers et al. 2003; Smith 2003).

These developmental transitions mediate the

observed impulsiveness and risk taking behaviors common to the adolescent period. As
such, they are likely to mediate the initiation and maintenance of drug use, a set of
behaviors that are clearly risky and often impulsive in nature (Zuckerman 1983, 1986,
1994).
The present results suggest that the mesolimbic projection to the NAcc septi is
functionally different across adolescence. Basal DAergic tone differs across this period
(Figure Two: A) and basal tone has previously been shown to be inversely related to
phasic DAergic activity, suggesting that DAergic responsivity to stimuli may vary with
age. These DAergic differences may be mediated in part by differences in metabolism as
basal DOPAC levels also vary during the adolescent period (Figure One: A). These
differences are most dramatically represented by transitional changes in DOPAC/DA
ratio, indicative of changes in turnover processes across development (Figure Three: A).
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In each case (DA, DOPAC or DOPAC/DA ratio) PND 45 animals (the equivalent of late
adolescence) reveal themselves as neurochemically unique in NAcc responses. PND 45
animals exhibit elevated basal DA levels in the NAcc relative to all other ages while
exhibiting lower DOPAC values than other adolescents or adults. These factors combine
to produce an animal with very low turnover ratios relative to other ages (Figure Three:
A), indicating a decreased ability at this age to effectively regulate extracellular DA
concentrations. This increase in basal DAergic tone, in conjunction with the influence of
tonic DA levels on phasic activity suggests that PND 45 animals may exhibit a decrease
in DAergic responsivity to DAergic agonists relative to other ages.

Alternatively,

reduced turnover rates may indicate an inability to effectively metabolize DA that would
result in elevated NAcc DA in response to an appropriate stimulus.
All ages exhibited a change in basal DA and metabolites with repeated ethanol
exposure. Basal DOPAC levels increased in a dose dependent fashion (Figure One: B)
while all doses of EtOH appeared to produce elevated basal DA levels (Figure Two: B).
Consequently, DOPAC/DA ratios also increased in a dose dependent fashion (Figure
Three: C) a tiered effect carried by the dose dependent influence of repeated EtOH on
NAcc DOPAC concentrations. Interestingly, when examined in ratio form (DOPAC/DA)
PND 45 animals were again unique in their response to ethanol. While all other ages
exhibited an increase in DOPAC/DA ratio with repeated ethanol, PND 45 animals
exhibited no change in basal DOPAC/DA turnover (Figure Three: B).

This result

suggests that, while in most ages repeated EtOH and subsequent potentiation of DA
release results in an increased rate of DA metabolism, in PND 45 animals no
compensatory change in DAergic metabolic rate exists to blunt the neurochemical effects
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of repeated EtOH on NAcc DAergic projections.

This failure to alter basal NAcc

DAergic metabolism in response to repeated treatment suggests that PND 45 may be
more susceptible to the incentive motivational properties of EtOH with multiple
exposures. This outcome has been observed using an EtOH conditioned place preference
paradigm (see Experiment Two).
For all ages, the administration of EtOH produced significant increases in NAcc
DOPAC in a dose dependent fashion regardless of treatment regimen (Figure Four).
Further, for PND 25 and 35 animals specifically, Acute EtOH elevated DOPAC levels to
a greater degree than PND 45 and 60 animals (Figure Five). This increase is indicative of
an increase in DA levels following EtOH injection and suggests that younger animals
exhibit a greater acute response to EtOH, either through increased DA release or an acute
increase in metabolism, than older animals.
For all ages, EtOH administration produced an elevation in DA concentration
regardless of treatment regimen (Figure Six).

Acute administration produced dose

dependent increases in NAcc DA following EtOH challenge. Repeated treatment also
produced dose dependent increases in NAcc DA, however the repeated administration of
high doses (1.0 and 2.0 g/kg EtOH) blunted the DAergic response to EtOH challenge
when compared to Acute doses of EtOH. Further, doses of 1.0 and 2.0 g/kg administered
repeatedly resulted in significant elevations of NAcc DA in animals given a Saline
challenge on test (Expectancy animals). These responses suggest, in general, that EtOH
effectively elevates NAcc DA across ages, that repeated administration of high doses
blunts acute responses to EtOH and that cues associated with high doses of EtOH can
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effectively alter NAcc DA fo llowing repeated EtOH exposure in the same context. These
results are critical for understanding the process of addiction in general.
Contemporary theory regarding the role of NAcc DA in the process of addiction
(and in motivated behavior in general) is that enhanced DAergic activity in the NAcc
facilitates the salience (perceptual significance) of stimuli, increasing the ability of
secondary stimuli to acquire incentive motivational properties or to facilitate the inherent
motivational capacity of primary reinforcers (Berridge and Robinson 1998; Di Chiara
1999; Di Chiara et al. 1999; Robinson and Berridge 2000; Berridge and Robinson 2003;
McClure et al. 2003; Robinson and Berridge 2003). The present data indicates that
repeated high doses of EtOH results in DAergic responses to cues indicative of EtOH
administration, suggesting Pavlovian conditioning of a drug-induced neurochemical
response. As such, according to incentive salience models, perception of secondary
stimuli with associations to EtOH administration exhibit enhanced stimulus salience and
therefore are more likely to influence behavior choices than stimuli lacking salience
enhancing properties. In other words, the classically conditioned neurochemical response
to drug related cues produces enhanced perceptual awareness of these cues relative to
other information in the environment, biasing thoughts and subsequent behavior toward
drug use.
Although, in general repeated ethanol exposure blunts subsequent responding to
ethanol administration, late adolescent animals (PND 45) are unique in their pattern of
response to ethanol administration at moderate doses (1.0 g/kg/i.p.). These animals
exhibit a potentiated NAcc DA response on subsequent challenge, rather than a reduced
response. According to the conditioned incentive-salience model discussed above, the
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potentiation of NAcc DA release to repeated ethanol in late adolescent animals allows for
the strengthening of contextual associations to a greater degree than in animals whose
later ethanol exposures produce reduced responsivity.

These successive Pavlovian

pairings may imbue context and cues with greater motivational strength, promoting drugrelated stimulus salience and creating associations with greater resistance to extinction or
remodeling. This enhanced conditionability is evidenced in PND 45 animals using an
ethanol CPP paradigm.
The present results clearly implicate ethanol exposure during adolescence as a
critical risk factor in the development of alcohol abuse and addiction. Although not a
necessary factor for later dependence, exposure to ethanol during adolescence does result
in significant neurobiological changes in systems intimately involved in motivated
behaviors.

These changes do not influence addiction in a causal sense, but rather

probabilistically.

By enhancing the establishment and maintenance of drug-stimuli

associations, the likelihood of drug related thoughts and behaviors becomes enhanced
within the appropriate stimulus context. Further, each subsequent exposure within this
context strengthens the association further and increases the ability of the environment to
drive behavior choice. The behavioral patterns classified as addiction are revealed over
successive experiences, as possibility shifts towards certainty and choice behavior comes
primarily under stimulus control.
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GENERAL DISCUSSION

The demonstration of reduced NP during adolescence, even an aversion to novelty
in late adolescence, was an unanticipated outcome regarding the ontogeny of NP.
Although under examined in rodent models, there are a few reports indicating that
responsiveness to novel stimuli peaks during adolescence in mice and rats (Adriani et al.
1998; Spear 2000; Laviola et al. 2003). This is the anticipated profile in adolescents given
more extensive reports of sensation seeking, risk-taking and harm avoidance in humans
(Kandel 1982; Zuckerman 1994; Laviola et al. 1999; Spear 2000; Martin et al. 2002;
Chambers et al. 2003; Crawford et al. 2003).
The lack of agreement of this study with previous reports in rodents and humans
is likely a function of the paradigm utilized. The playground maze is a true measure of
NP, while other procedures tend to measure behavioral sensitivity to novelty, usually in
the form of changes in locomotor activity. Methods utilizing locomotor activity in the
presence of novelty as a measure, fail to identify the hedonic aspects of the novel
stimulus and are incorrectly identified as NP procedures and correlates to sensation
seeking. In fact, increased behavioral activation in the presence of novelty has been
considered a measure of anxiety in humans and an indicator of introversion or shyness
(Bell et al. 1995). As such, it may be more suitable to characterize locomotion in the
presence of novelty as sensation-responding rather than sensation-seeking.
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It is not unreasonable to observe a positive relationship between novelty- induced
activity and responsivness to drugs of abuse. Given the DAergic commonality of the
motor systems and the systems mediating drug motivation some relationship would be
expected using activity as a dependent measure. Alternately, numerous studies link
anxiety and perceived stress to an increased risk of substance abuse and addiction (Baer
et al. 1987; Deykin et al. 1987; Johnson and Pandina 1993; Baer and Bray 1999; DeWit
et al. 1999), therefore stress induced locomotion in the presence of novelty would also be
anticipated to predict substance use effectively. Because the playground maze is a
measure of NP, and the exploration of the unknown is inherently risky, this result is
better characterized of as an indicator of curiosity, risk taking and harm avoidance. When
considered in this frame the data presented here indicate a developmental reduction in
these behaviors through the adolescent period. Because increasing habituation trials
attenuates a novelty aversion in late adolescents and induces a NP in adults it is most
reasonable to assume that the reduction in NP through adolescence represents a
transitional increase in neophobia or harm avoidance, and not reduced curiosity or
attraction to novelty. In essence, this developmental pattern supports the notion of the
transition to contextual regulation of behavior that Spear (2000) suggested occurs during
adolescence.
In adults ethanol induce CPP outcomes are consistent with the literature in rats
(Stewart and Grupp 1986, 1989; Gauvin and Holloway 1992; Holloway et al. 1992;
Schechter and Krimmer 1992). This consistency lends support to the interesting patterns
observed in adolescence. Late adolescent animals exhibit an ethanol- induced CPP at
doses of 0.5 and 1.0 g/kg i.p. indicating that late adolescent animals find the effects of
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ethanol at moderate doses rewarding. In contrast, adults exhibit a progressive increase in
avoidance of the ethanol paired environment while pre- and early adolescent animals do
not demonstrate conditioning at 0.5 g/kg and exhibit a strong aversion at 1.0 g/kg. Prior
data from our laboratory has shown that PND 25 animals exhibit significant increases in
NAcc DA when given 1.0 g/kg of ethanol i.p. (Philpot and Kirstein 1998). Viewing
dopaminergic activity in the NAcc as strictly mediating reward, these data would appear
to be in conflict with the alcohol place aversion observed at this age. However, DAergic
activity may be mediating reinforcement by way of increasing environmental salience of
both appetitive and aversive stimuli. Viewing NAcc DA as mediating stimulus salience
suggests that the magnitude, but not the direction, of drug conditioning is related to NAcc
DA levels (for discussion see Appendicies). Factors mediating the direction of the effect
may be related to anxiety observed in the NP paradigm. Late adolescent animals were the
only age to exhibit a novelty related aversion and it may be an underlying increase in
anxiety that renders the sedative/anxiolytic effects of ethanol rewarding in this age. As
previously mentioned there is a strong relationship between increased stress and
increased risk of alcohol use in the adolescent specifically (Baer et al. 1987; Deykin et al.
1987; Johnson and Pandina 1993; Baer and Bray 1999; DeWit et al. 1999). Further, this
is substantial evidence indicating elevated responsiveness to stressors during adolescence
in both humans and rodents (for discussion see Spear, 2000). Therefore, it is possible that
a developmental transition in sensitivity to stressors makes the late adolescent animal
particularly vulnerable to the effects of ethanol.
The neurochemical data clearly indicate developmental differences in both the
basal and ethanol mediated output of accumbal DA, a factor that may influence both the
106

age dependent sensitivity to ethanol induced place preference and the developmental
transitions in response to novelty. Again late adolescent animals demonstrate a unique
profile, exhibiting higher basal concentrations of DA and exhibiting resistance to
turnover increases (DOPAC/DA) produced by repeated ethanol treatment in other ages.
The ability of ethanol to induce a CPP in PND 45 animals may result from the large,
sustained DA response across repeated exposures that is not observed in other ages. The
continued elevated response across exposures allows for more effective conditioning, be
it through sustained reward and/or enhanced salience as proposed in the attentional model
(see Appendix). Enhanced stimulus salience, through elevated NAcc DA output may be
at the heart of the observed NP profile. Although the neurochemical response to novelty
was not tested, the pattern of basal DA levels in the NAcc is a near mirror image of the
developmental pattern for NP. Given the relationship between drugs of abuse, sensation
seeking and the mesolimbic DA system, this coincidence warrants further investigation.
Conclusions
This project characterized the ontogenic profiles of ethanols’ rewarding effects
and underlying neurochemical actions as well as examined the transitional development
of behaviors associated with addiction in the adolescent animal. These studies revealed:
1) developmental differences in behavioral responding to novel stimuli; 2) ontogenic
differences in the rewarding efficacy of ethanol; 3) basal differences, as a function of
development, in the tonic activity of DA in the NAcc; 4) differences in the DAergic
response to acute ethanol administration across adolescence; 5) age dependent differences
in the development of cellular tolerance to the DAergic effects of ethanol; and 6)
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developmental differences in the ability of alcohol to establish neurochemical
expectancies of drug, i.e. conditioned neurochemical responses to drug-associated cues.
The present project provides clear behavioral evidence for a distinct biological
transition in novelty seeking through the adolescent period. The observed pattern, given
the relationship between sensation seeking, NP and substance abuse liability in humans
(Zuckerman 1986; McCourt et al. 1993) suggests a developmental transition in the
rewarding efficacy if drugs of abuse. The ethanol CPP paradigm confirms that prediction,
with PND 45 animals exhibiting a unique response profile clearly indicating that
adolescence represents a unique risk period for alcohol addiction. The present project
confirms observations made in the human population and further, because this is an
animal model of addiction, suggests the distinct possibility that basic biological factors
may be fundamental in the manifestation of adolescent alcohol use and subsequent
addiction.
The results suggest the possibility that the biological transition that occurs during
adolescence may manifest itself, in part, as increased preference for the appetitive aspects
of alcohol. Given the substantial amount of data that suggests higher risk of alcoholism in
those initiating alcohol use in adolescence (Hawkins et al. 1992; Hawkins et al. 1997;
Grant and Dawson 1998; DeWit et al. 1999; DeWit et al. 2000; Guo et al. 2000); it is
important to examine the mechanisms which underlie these behavioral tendencies. The
present project demonstrates that reward mechanisms do not function identically in late
adolescent and young adult animals and that exposure to ethanol during adolescence
results in significant neurobiological changes in systems intimately involved in motivated
behaviors. The attentional model of addiction (see Appendix) indicates that modified DA
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activity contributes to addiction by enhancing the establishment and maintanence of
drug-stimuli associations, increasing the likelihood of drug related thoughts and
behaviors within the drug-associated context. Further, each subsequent exposure within
these context strengthens the association further and increases the ability of the
environment to drive behavior choice. The behavioral patterns classified as addiction are
revealed over successive experiences, as possibility shifts towards certainty and choice
behavior comes primarily under stimulus control. The functional neurochemistry of the
developing adolescent leaves them particularly vulnerable to this process.
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Appendix A

STEREOTAXIC LOCALIZATION OF THE DEVELOPING NUCLEUS
ACCUMBENS SEPTI

Abstract
The nucleus accumbens septi (NAcc) has been implicated as a mediator of a variety of
disorders, most notably substance abuse. The development of this system is a critical area
for investigation, and has been largely overlooked.

Specifically, few studies have

focussed on dopamine (DA), its neurochemical pathways and the long term consequences
of manipulating the dopaminergic (DAergic) system in the developing animal. Important
insight into the establishment of addiction, its development and time course, may be
found by examining the development of the periadolescent DA system, specifically the
mesocorticolimbic system. Recent developmental studies demonstrate dramatic changes
in DAergic levels, receptor concentrations and transporter levels during periadolescent
development. These ontogenetic changes, as well as drug exposure during development,
may predispose the adolescent animal to addiction. Given that humans typically
experiment with and initiate drug use during the adolescent period it is proposed that
developmental alterations in the mesolimbic DA projection areas, specifically the NAcc,
are an essential area for investigation in drug addiction. The present paper presents
formulas for the weight-based calculation of stereotaxic coordinates for the NAcc in rats
across development to facilitate further research in the area.
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Introduction
Recent studies have shown a unique profile for the development of the NAcc and
its DAergic systems [3,5,6,10,12,33,35,38]. This profile of transformation suggests a
potential for unique susceptibility of this transitional system to the effects of chronic or
repeated exposure to DAergic agonists during adolescent development. Specifically,
exposure to drugs of abuse, which almost universally act as DAergic agonists in the
NAcc, can dramatically affect not only receptor and transporter systems but
neurochemical profiles as well [25,26].
The NAcc has been strongly implicated as a critical brain region in the mediation
of drug use and potentially drug addiction [16-18,22]. A variety of hypotheses have been
presented as to how the structure specifically mediates the addictive process, however no
clear-cut theory has been established.

Regardless, a variety of converging lines of

evidence point to this structure as being of primary importance in the establishment
and/or maintenance of drug use [16-18,22]. Adolescence is a period of experimentation
and risk-taking in both human and non-human animals, and drug use is often initiated
during adolescence (for review see Spear, 2000)[31]. Given these findings it is important
to investigate the nature of the relationship of drug use and abuse during the adolescent
period and ongoing neurochemical activity in the NAcc.
Considering the importance of the NAcc in substance abuse, the ontogeny and/or
events that occur during development of the NAcc demand attention, with particular
focus on these ongoing processes through birth, preadolescence, periadolescence and into
adulthood. Specifically defining these age periods is a complex issue that has recently
been addressed and the periadolescent period of rats defined as approximately between
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the ages of postnatal days (PND) 21 and PND 50 [31]. Research conducted in young
developing animals, during the periadolescent period, has examined the behavioral
responsiveness of adolescent rats and mice to DA agonists [1,2,19,27,32], the
developmental patterns of DA receptors [3,5,13,29,36] as well as DA transporters
numbers [8,9] through adolescence (PND 21-50). Behavioral data indicate that adolescent
rats show a reduced sensitivity to amphetamine and cocaine [7,21], an increased response
to apomorphine [30], an increased sensitivity to haloperidol relative to younger and older
animals [32] and an increased sensitivity to reward [20]. Neuroche mically, basal DA
synthesis in the NAcc is lower in postnatal day 30 (PND 30) than PND 40 rats and
turnover rates for PND 30 animals are less than those reported in adult animals [6].
Research in our laboratory [25,26] has found that early adolescent rats (PND 25) have
basal DA levels similar to those reported in adult animals [24]. Importantly, response
profiles to alcohol [25] and cocaine [26] at this age are similar those observed in adult
animals [11,14,23] as well. Our current research focuses on drug or drug expectancyinduced changes at later stages in adolescence and into adulthood, a time period that
more closely parallels human abuse profiles. As mentioned previously, it is also a time
period of numerous changes in the mesolimbic DA system. Research on DA receptor
populations indicates a pattern of overproduction and pruning that occurs across
adolescence in a sex-specific manner [3,5,36] with males exhibiting greater levels across
age and greater over production of D1 and D2 receptor types. Similar patterns have been
reported in humans as well [29]. In rats, the density of D1, D2, and D4 receptor
populations in the NAcc increase and peak at PND 28, and then decline significantly to
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adult levels by PND 60 [34]. Furthermore, D3 receptor numbers appear to increase
monotonically, with some reports finding adult levels at weaning (i.e., PND 21) [10]
while others find D3 levels in weanlings far lower than those observed in adult animals
[33]. In conjunction with receptor density changes, D1 stimulatory and D2 inhibitory
effects on adenylyl cyclase production are less apparent in adolescence than in adult
animals [4]. Parallel with these changes, DA transporter levels are increasing in
concentration in the NAcc to adult levels through adolescence [8,9]. These data indicate
that there is a distinct likelihood that the adolescent NAcc is unique in relation to adult
and young animals. Therefore, it is necessary to examine this possibility extensively
within the behaving organism.
The present study has established formulas for the accurate calculation of
stereotaxic coordinates of the NAcc in the developing rat. These results allow for the
application of a variety of in vivo neurochemical techniques to permit the quantification
and evaluation of critical drug-related systems in alive, awake and freely moving
adolescent animals.

These neurochemical procedures (in vivo microdialysis, in vivo

voltametry, in vivo chronoamperometometry) would allow for a complementary analysis
of ongoing neurochemical changes in the NAcc in response to drugs, drug-related stimuli,
chronic drug exposure during development, stress and a variety of other interesting
relationships.

Information derived from using these techniques across age would

determine transitional changes in DA and its effects in the NAcc. Additionally,
examining these effects in conjunction with drug abuse during the periadolescent period
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would provide critical insight into the mechanisms that underlie the establishment and
maintenance of addiction.
Methods
Subjects: Seventy- five Sprague Dawley (Zivic Miller Laboratories) rats of
postnatal day (PND) 25, 35, 45 and 60 were used as subjects in this experiment. Pups
were sexed and culled to 10 pups per litter on PND 1. On PND 21 pups were weaned and
group housed until surgery. Animals were maintained in a temperature/humiditycontrolled vivarium on a 12-hour light dark cycle.
Intracranial Implantation: Rats were anesthetized on either PND 25, 35, 45 or 60
using a xylazine/ketamine cocktail (0.15 and 1.0 mg/kg respectively). Rats were then
placed in a stereotaxic frame. An incision was made over the skull and a hole drilled
above the right hemisphere. A guide cannula was affixed with cyanoacrylate to the skull
surface. A probe was lowered to the nucleus accumbens septi (NAcc) and cresyl violet (1
µl) was injected to enhance the drop site. Following the procedure, animals were
sacrificed with an anesthetic overdose of xylazine/ketamine cocktail. Brains were
removed, frozen in methyl butane (-40o C), and sliced in 40 µm sections for histological
verification.
Results
A total of 24 (6 @ PND 25, 7 @ PND 35, 5 @ PND 45 and 6 @ PND 60)
surgeries were determined to be correctly positioned in the shell of the NAcc. Significant
differences in weight were identified for SEX, F(1,67)=140.426, p<0.05, AGE, F
(3,67)=563.615, p<0.05 and SEX by AGE interaction, F (3,67)=22.552, p<0.05 with
male exhibiting greater increases in weight across age (See Figure One). A regression
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analysis of the effective dropsites across ages generated weight derived formulas for
probe placement (x = the animals weight at the time of surgery; y = the distance in mm
for the particular dimension). Weight explained 94% of the variability in location on the
anterior-posterior axis (See Figure Two), 82% of the variability in location on the mediallateral axis (See Figure Three) and 87% of the variability in location on the dorsal- ventral
axis (See Figure Four). Using the average weights of each age/sex category the formulas
yield the following effective coordinates at each age (See Table One).
Discussion
The present study determined formulas for future investigations to target the
NAcc in the developing rat. An interesting note for consideration given the present data
involves the average weights determined across age and comparison to weights
frequently reported in the literature for 'adult' animals. Numerous studies report using
rats with weights ranging from 200-300g and these animals are considered adults within
the framework of the study. Our analysis of age and weight, however, would ind icate
that although females weighing 250g are adult animals, male rats at similar weights are
not adults but rather late adolescent animals with ages somewhere between 50 and 55
days (see Figure Two). Therefore, studies utilizing both male and female animals should
exercise caution in using weights alone to establish chronological age.
The present data provide a foundation for potential studies of the ongoing
neurochemical processes in the rat NAcc at different stages of adolescence. The
examination of this structure during adolescence may provide critical insight into
important issues including drug abuse. Specifically, systematic study of the accumbens
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during development may help clarify the neurochemical processes involved in the
establishment and maintenance of substance abuse.
Studies on the influence of repeated substance use during adolescence on the
developing neurochemistry of the NAcc are ongoing in our laboratory. Specifically,
focusing on the integration of opponent process and attentional/associative learning
models of addiction within an adolescent framework. No other stimuli have been shown
to elevate accumbal DA more effectively and reliably than drugs of abuse [15,28,37].
Given this fact, a critical question for developmental research and addiction is to
determine the long-term effects of repeated administration of DA agonists on the
developing adolescent DAergic system. Following such stimulation it is important to
determine if the system will develop normally or if proper development is dependent
upon the status and feedback of the internal milieu. If proper development of the DA
system is dependent on a self-regulation process (i.e. receptor concentrations/sensitivity,
transporter levels, enzyme activity and DA levels changes are symbiotic) substance use
during this critical developmental period may lead to an alteration in basal DA activity in
the adult.

It is our hypothesis that the adolescent system is self- regulatory in its

development and that chronic introduction of externally imposed elevations in DA (e.g.,
drugs of abuse) may lead to a basal hypoactive.

Subsequently, the system may be

stimulus hyperresponsive in adulthood, a result that may manifest itself behaviorally as
anhedonia, sensation seeking and an increased likelihood of addiction. Future studies
using these coordinates during this critical developmental period will provide insight into
the unique mechanisms that may underlie the establishment of addiction in adolescence.
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Figure One

Interaction of Gender and Age on Weight
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Figure Two

Anterior Coordinates by Weight
y= .001x + 2.05, r2=.94
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Figure Three

Lateral Coordinates by Weight
2
y= .001x + .40, r =.82

Lateral Coordinates (mm)

0.85
0.8
0.75
0.7
0.65
0.6
0.55
0.5
0.45
0

50

100

150

200

Weight (g)

139

250

300

350

Appendix A (Continued)
Figure Four

Ventral Coordinates by Weight
2
y= .006x + 6.22, r =.87
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Table One : Optimal Coordinates by Mean Weight

Postnatal Day

Sex

Weight

Anterior-Posterior

Medial-Lateral

Dorsal- Ventral

25

F

61.70g

2.11 +/- 0.01

0.46 +/- 0.01

6.60 +/- 0.03

M

65.47g

2.11 +/- 0.01

0.46 +/- 0.01

6.60 +/- 0.03

F

115.58g

2.17 +/- 0.01

0.52 +/- 0.01

6.91 +/- 0.07

M

140.16g

2.19 +/- 0.01

0.54 +/- 0.01

7.06 +/- 0.04

F

159.68g

2.21 +/- 0.01

0.56 +/- 0.01

7.18 +/- 0.07

M

213.67g

2.26 +/- 0.02

0.61 +/- 0.02

7.50 +/- 0.11

F

215.28g

2.27 +/- 0.02

0.62 +/- 0.02

7.51 +/- 0.11

M

293.28g

2.34 +/- 0.03

0.69 +/- 0.03

7.98 +/- 0.15

35

45

60
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Figure Captions
FIGURE ONE: Interaction of Sex and Age with Weight. During periadolescence male
rats exhibit significantly larger increases in weight (g) as they age.
FIGURE TWO: Regression line for anterior/posterior coordinates calculated from
successful probe placements across weight (g). y = 0.001x + 2.05mm, r2 = 0.94.
FIGURE THREE: Regression line for medial/lateral coordinates calculated from
successful probe placements across weight (g). y = 0.001x + 0.40mm, r2 = 0.82.
FIGURE FOUR: Regression line for dorsal/ventral coordinates calculated from
successful probe placements across weight (g). y = -0.006x – 6.22mm, r2 = 0.87.
TABLE ONE: Summary table providing mean weights (g) at PND 25, 35, 45 and 60 and
the stereotaxic coordinates derived from these means.
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THE ATTENTIONAL MODEL OF THE NUCLEUS ACCUMBENS SEPTI AND
ADDICTION

Introduction
The attentional model of addiction states that addiction is a process resulting from
the facilitation of both classical conditioning and associative learning processes by the
natural neurochemical effects of drugs of abuse. A universal quality of addictive
substances is the ability to enhance dopaminergic output in the nucleus accumbens septi
(Robinson and Berridge 1993; Sarnyai and Kovacs 1994; Phillips and Shen 1996; Herz
1997; Tzschentke 1998; Di Chiara 1999; Di Chiara et al. 1999; Koob 1999; Leshner and
Koob 1999; Nehlig 1999; Koob 2000), a limbic structure that has been shown repeatedly
to mediate the initiation and maintenance of conditioned behaviors (Robinson and
Berridge 1993; Sarnyai and Kovacs 1994; Phillips and Shen 1996; Di Chiara 1999; Di
Chiara et al. 1999; Koob 1999; Leshner and Koob 1999; Nestler et al. 2001). For
example, animals will rapidly learn to lever press for electrical stimulation of the ventral
tegmental area, a mesencephalic nucleus which provides DAergic innervation to the
NAcc (Kornetsky and Porrino 1992; Fiorino et al. 1993). Further, the application of DA
antagonists to the NAcc attenuate the intracranial self- stimulation process (Vaccarino and
Vaccarino 1989), indicating that the DAergic processes in the NAcc were critical to the
maintenance of VTA self-stimulation.
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Similar processes have been identified with a range of abused substances with
infusions that produce elevations of DA in the NAcc resulting in the establishment and
maintenance of self-administration behavior (Vaccarino and Vaccarino 1989; Singh et al.
1997). Additionally, systematic manipulations of the DAergic response in the NAcc
results in predictable changes in drug SA rates, with potentiations decreasing SA
(Pulvirenti and Koob 1994; Rothman and Glowa 1995), attenuation increasing SA
(Corrigall and Coen 1991a; Weissenborn et al. 1996; Izzo et al. 2001)and blockade
terminating SA (Corrigall and Coen 1991b; Rothman and Glowa 1995; Weissenborn et
al. 1996). These data indicate a well established role for the NAcc in the process of drug
taking behavior.
The exact role of the NAcc DA response in the addictive process has been the
subject of debate since the discovery that specific brain regions could support behavior.
The initial assumptions centered around the concepts of reward areas or pleasure centers
(Wise 1978; Wise and Bozarth 1985; Wise and Rompre 1989). In essence, DA response
in the NAcc produced pleasure and therefore reinforced and maintained behavior.
However, this hypothesis failed to explain the marked negative affect reported by many
addicts and required modification. Later hypothesis centered on the concept of dysphoria,
that repeated drug use resulted in a negative affective state that was alleviated by later
drug use (Koob and Le Moal 1997, 2001). This too fell by the way side as more complex
hypothesis were developed. The hedonic homeostasis hypothesis was a hybrid of the
positive reinforcement model and the dysphoria model and proposed that addiction was
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the result of a dysregulation of mechanisms which maintained hedonic tone (Koob and
Le Moal 1997).
Two prominent models currently are the associative learning model (Di Chiara
1998, 1999) and the incentive-sensitization theory (Robinson and Berridge 1993, 2000,
2001, 2003). The associative learning model has its foundation in the concept of NAcc
DA mediating positive reinforcement and suggests that addiction is the result of
overpowering cues associated with drug use that drive future drug using behavior. The
incentive-sensitization model suggests that repeated drug use produces a facilitated DA
response in the NAcc that results in increased salience of drugs and drug related stimuli,
thus driving behavior. These two perspectives serve as the backbone for the attentional
model of addiction which takes a slightly different view on the functional role of
accumbal DA.
Functional Roles of the NAcc
Many studies have implicated the NAcc in a diverse array of behaviors, each of
which might be well explained by influences on attentional processes, rather than reward
or reinforcement.

For example, the NAcc responds to novelty and novel stimuli,

exhibiting elevations of DA, and these elevations are not seen in response to familiar
stimuli that have no direct biological significance or associations with biologically
significant stimuli (Rebec et al. 1997; Young et al. 1998). Given this profile, it is possible
that accumbal DA elevation is simply gating attention, increasing sensory awareness, a
response important both for appetitive stimuli and unfamiliar stimuli as well. New stimuli
command attention. They may be dangerous, they may have some health benefit, they
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may prove useless, but until explored they are an unknown quantity. This necessitates
attentional responses in the presence of novelty.
As previously discussed the predominant view of the functional role of the NAcc
in the past 20 years has been as a mediator of reward (Hoebel 1985; Bozarth 1986;
Hoebel et al. 1989; White 1989; Koob 1992a, 1992b; Willner et al. 1992; Berridge 1996;
Koob 1996; Herz 1997; Salamone et al. 1997; Bardo 1998; Berridge and Robinson 1998;
Tzschentke 1998; Di Chiara 1999; Ikemoto and Panksepp 1999; Koob 1999; Leshner and
Koob 1999; Koob 2000; Schultz et al. 2000). Natural reinforcers such as food, water or
sex elevate DA in the NAcc which has lead to the hypothesis that this structure mediates
reward and reinforcement (Tzschentke 1998). Although the NAcc may be critically
involved in reward and reinforcement, it is but a subset of the currently identified
reinforcement circuit (which is comprised of the anterior bed nuclei of the medial
forebrain bundle, the ventral tegmental area, the NAcc and the ventral pallidum) (White
1989; Fibiger et al. 1992; Koob 1992a; Bardo 1998; Leshner and Koob 1999) and the
response profile of the NAcc specifically to novelty and punishers suggests that the role
of the NAcc is more than just reinforcement related.
The critical evidence for NAcc DA as mediating attentional processes is derived
from the latent inhibition (LI) literature (Feldon and Weiner 1992; Young et al. 1993).
There is increasing evidence that the accumbens is much more than a reward structure, or
a mediator of reinforcement, but rather an integral part of a circuit that mediates
attentiona l processes and associative learning. Specifically, increased accumbal DA may
be a necessary response to emotionally salient stimuli (Weiner et al. 1996; Gray et al.
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1997; Gray 1998b; Murphy et al. 2000). Significant evidence for the role of the NAcc in
attentional processes comes from research using latent inhibition (LI) procedures and
learned helplessness models.
In LI subjects are exposed to a non-contingent stimulus repeatedly (Preexposure
Phase), following which a contingency is applied (Conditioning). For example, a rat may
be repeatedly exposed to a light stimulus within a Skinner box. Following this noncontingent exposure to the light, the rat begins conditioning sessions in which the light is
paired with shock. The CS preexposure results in delayed acquisition of classically
conditioned responding when compared to animals that received no pretreatment. LI is
the reduction in ability to learn this later contingency as a result of the prior noncontingent experience and, presumably, decreased attention to the stimulus.
Manipulations of accumbal DA influence the ability to establish LI in a fashion
suggestive of attentional gating, in that DA agonists block LI (Young et al. 1993;
Thornton et al. 1996; Weiner et al. 1996; Broersen et al. 1999; Di Chiara 2000) (i.e.
subjects do not habituate to the non-contingent stimulus presentations) while DA
antagonists facilitate LI (Young et al. 1993; Thornton et al. 1996; Weiner et al. 1996; Di
Chiara 2000) (subjects take longe r to learn the newly applied contingency when under the
influence of DA antagonists).
Studies of the involvement of the mesolimbic DA system in learned helplessness
paradigms clearly indicate that mesolimbic DA responses cannot be directly indicative of
reward or reinforcement but must instead mediate a more complex process (Anisman and
Zacharko 1986; Abercrombie et al. 1989; Deutch et al. 1990; Puglisi- Allegra et al. 1991).
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In learned helplessness type procedures, laboratory animals are exposed to inescapable
negative stimuli and changes in behavioral profiles are measured. Typically, initial
exposure prompts attempts at escape, but as the inevitability of the situation is established
the animal becomes passive in response to the stimulus, even when avenues for escape
are provided.
Neurochemical analysis of the DA response in the NAcc to escapable vs.
inescapable stress reveals two unique profiles. Research examining the effects of electric
shock on accumbal DA levels indicates that aversive stimuli produce DA elevations in
the NAcc (Blake and Stein 1987; Kalivas and Abhold 1987; Abercrombie et al. 1989;
Deutch et al. 1990; Puglisi-Allegra et al. 1991). Exposure to shock produces a biphasic
response in the NAcc, an initial elevation in DA, followed by a depression in
extracellular DA. Examination of mesolimbic DAergic responses to restraint stress
indicates an interesting profile. Restrained animals exhibit an initial elevation in DA that
is then reduced to basal values. Following release from restraint, DA levels are again
elevated above basal values. Further, chronic inescapable stress results in an attenuated
DA response in the NAcc. This pattern of response is not easily explained by strict
novelty or reward/punishment based theories. However, an attentional model (based on
learned helplessness research) can explain this outcome. Immediately following restraint
environmental attention is critical to attempt escape, hence elevated accumbal DA.
However, following a period of struggle it become clear that escape is not possible at
which time enhanced environment al awareness is non- functional and in fact a reduced
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awareness may be adaptive. Finally, upon release environmental attention should be
elevated, either to further escape or to learn the contingencies that produced escape.
In general, these profiles do not correspond well to a reinforcement/reward model
of NAcc DA but could be explained under an attentional theory. New stressors or
sustained avoidable or escapable stressors would require an alert attentive response to
cues of the stressor or the stressor itself in order to maximize safety and minimize stress.
An attentional model of NAcc DA is supported by NAcc DA profiles identified under
these conditions with DA elevating in response to escape/avoidance associated cues.
However, in the case of unavoidable stress, continued elevated attention in response to
the stressor is not adaptive and potentially dangerous. Under such conditions the most
adaptive response would be a passive reduction of sensory stimuli, or decreased
environmental attention, since active avoidance is ineffective at removing the stressor. A
depression of DA activity in the NAcc of humans may be protective against psychotic
decompensation resulting from repeated insult by decreasing attention to ongoing
stressors (O'Donnell and Grace 1998).
Attention is clearly important in associative learning processes and the NAcc
again exhibits interesting profiles in associative learning procedures. Importantly, it has
been repeatedly shown that the pairing of a neutral stimulus with a reinforcer or punisher
results in an elevation in accumbal DA in response to the previously neutral stimulus
alone. The neutral stimulus has acquired some of the neurochemical properties of the
unconditioned stimulus. Clearly, in the case of a natural reinforcer like food, the neutral
stimulus has no satiating properties and therefore cannot of itself acquire the reinforcing
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properties of food. Therefore it seems unreasonable to suggest a transfer of
reinforcement. By the same argument, although the case cannot be as clearly made, the
transference of punishing properties seems unlikely, although the survival benefit in this
case is obvious. It seems more likely that the system acts similarly for associations to
rewards and punishers and that it serves to facilitate attention to the environment when a
cue signals an upcoming event of biological importance, positive or negative. This
concept is similar to Hullian or Spence’s rg-sg expectancy mediation of instrumental
responding that proposes that, with repeated associations, environmental stimuli acquire
the ability to induce unconditional stimulus (US) - like responses (rg ) and corresponding
internal sensations (sg ) which constitute expectations that motivate behavior (Spence et
al. 1950). In this instance, the ability of a natural reinforcer or punisher to attract
attention becomes ‘transferred’ to congruent environmental stimuli, making them cues
which attract attention and motivate US related responses.
Of considerable significance in this idea of NAcc DA mediating attention is
recent research examining the NAcc role in associative learning between two neutral
stimuli. Research by Young et al. (1998) has shown that the pairing of two neutral stimuli
produces elevations in accumbal DA, while the two stimuli presented individually
produce no response.
Stimulus

Neurochemical Response

Light

à

Stable DA

Tone

à

Stable DA

Light + Tone

à

Elevated DA
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This elevation may be explained by the novel pair of stimuli, however further
investigation suggests that the response could be more than just the result of novelty.
Pairing one of the two neutral stimuli with shock results in a conditioned elevation in DA
to the previously neutral stimulus. Interestingly, the neutral stimulus that has had no
pairing with shock, but had been previously paired the shock conditioned stimulus, also
acquires the ability to elevate accumbal DA when presented alone. This demonstrates
second order conditioning on a neurochemical level.
Conditioning

Test Stimulus

Neurochemical Response

Light

à

Stable DA

Tone

à

Stable DA

Shock

à

Elevated DA

Light

à

Elevated DA

Tone

à

Elevated DA

Light + Tone
Light + Shock

Although novelty or pairing could explain the initial elevation of DA upon presentation
of the two neutral stimuli, it fails to explain the latter conditioned response of DAergic
elevation to a neutral stimulus never paired with shock. An attentional model of accumbal
DA activity can explain each of the patterns of elevation more clearly. The elevation that
occurs as the consequence of the novel pairing is merely that, a novelty response. As
previously discussed novelty should require attention because a new item, or new
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situation, requires study to learn about potential rewards and pitfalls. Following
conditioning the CS induced elevation signals an expectancy of an upcoming punisher,
this anticipation facilitates environmental attention to aid in avoidance or escape. The
second order conditioning represents the application of acquired associations to facilitate
environmental awareness to aid in avoidance or escape. Attention can reasonably explain
each aspect of this procedure, while other prominent views of the NAcc and DA fall short
at one point or another in this structure.
The Role of the NAcc in Addiction
Research by Gray (1998b) has proposed circuitry involving the NAcc as
mediating attentional processes and some aspects of schizophrenia, specifically positive
symptoms. Gray has suggested that complex interconnections between limbic, motor,
sensory and cortical systems are involved in feedback loops for the purpose of sensory
regulation. In this model, accumbal DA is involved in the gating of sensory information
through a multiple component system termed the striato-thalamo-cortico- limbic loop.
Although this system does not work in isolation from other inputs, the primary
interconnections are as follows. Through GABAergic interconnections with the ventral
pallidum, which in turn sends a GABAergic projection to the nucleus reticularis thalami,
alterations in NAcc DA are capable of regulating sensory flow to the cortex (see Diagram
One). The nucleus reticularis thalami is a thalamic structure that appears capable of
regulating the flow of information from sensory thalamo-cortical afferents through an
array of inhibitory connections with these nuclei. In theory, DA elevations in the NAcc
would inhibit GABAergic projections to the ventral pallidum, in turn disinhibiting the

152

Appendix B (Continued)
GABAergic projections from the ventral pallidum to the nucleus reticularis thalami. This
process would result in the inhibition of the nucleus reticularis thalami and the
disinhibition of sensory flow to the cortex. Furthermore, cortical regions in turn modulate
flow from the thalamus through reciprocal projections, as well as modulate limbic
influences through feedback loops, providing multiple levels of top-down regulatory
processing. This circuit as a whole has been proposed to regulate attention (Gray 1998a).
By this model, attention is defined by an increased, but regulated flow of
information from the thalamus to the cortex, and regulation occurs via cortical feedback
and limbic inputs. Therefore, when a stimulus elevates accumbal DA the ventral pallidum
is disinhibited. This disinhibition results in less inhibition of sensory flow to the cortex by
the nucleus reticularis thalami, resulting in greater sensory input. This sensory input,
however, must be specific to stimuli that can effectively increase accumbal DA (i.e., the
sensory systems must be directed to stimuli that can sustain and/or facilitate the activity

STIMULI

of this circuit) or the process of elevated sensory flow will be interrupted. Therefore,

S'

Thalamus

Cortex

NAcc

mPFC

Diagram One : Specific environmental stimuli (S') are processed for

significance by the cortex. If S' is significant, NAcc DA is facilitated,
increasing cortical flow of sensory information related to the ongoing
stimulus, S'.
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when attention is directed to 'significant' stimuli, which elevate NAcc DA, there is
increased cortical activity in relation to the sensory input of that stimulus. However, if
attention shifts to a non-significant stimulus or the significance of the object is lost (e.g.
habituation) the result is a decrease in cortical sensory information, decreased sensory
information about the relevant stimulus and therefore decreased attention or focus. Only
stimuli that can effectively increase the cortical sensory flow (i.e. novelty, natural
reinforcers, environmental cues for reward or punishment, expectation, drugs of abuse,

S'
Drug
Administration

STIMULI

etc.) can sustain focused attention (Diagram One).

Thalamus

Cortex

NAcc

mPFC

Diagram Two : Drug administration facilitates sensory flow to the

cortex (Red) of environmental stimuli, regardless of species
significance, by elevating NAcc DA

Attentional Model of Addiction
Under normal circumstances the circuit acts to facilitate entry of sensory
information to the cortex of ongoing stimuli, or focused attention. However, in the case
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of drugs of abuse, the gate which regulates the cortical flow of sensory information is
forced open. Rather than an elegant circuit which elevates or reduces cortical sensory
flow (salience) depending on the importance of the current stimulus, the flow of sensory
information in universally facilitated (Diagram Two). This serves two functions: 1) it
increases the range of stimuli which can be associated with drug use and 2) it increases
the likelihood that any given stimuli in the environment will be associated with drug use.
Additionally, with repeated stimulus/drug pairings, environmental stimuli acquire
the innate salience-enhancing properties of drugs, the ability to elevate NAcc DA

S

Thalamus

Cortex

NAcc UR

mPFC

A

Drug
Administration US

STIMULI

(Diagram Three). It is important to note here that Young et. al. demonstrated that NAcc

Diagram Three : Repeated drug administration sets the foundation for

classical conditioning (Blue) between specific environmental stimuli
(SA) and the drug induced elevation in NAcc DA.
conditioning can occur simply via co-occurrence, without contingent reinforcement or
punishment. Further, the potency of each individual classical conditioning trial is
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enhanced by the salience enhancing effects of the drug, resulting in fairly rapid and
powerful conditioning. Therefore, after a series of stimulus/drug pairings, specific
environmental stimuli acquire the ability to elevate NAcc DA and thus enhance their
salience by facilitating stimulus related cortical flow. Consequently, drug-associated
environmental stimuli become highly salient in the environment and since they are
associated with drugs and drug using behavior they drive drug-related thoughts and
ultimately further drug using behavior. This in turn facilitates the strength of current
associations and provides for other associations to become drug-related incentives
(Diagrams Four and Five, following pages).
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Thalamus

Cortex

NAcc

mPFC

CS

Diagram Four: Chronic use of a drug in the presence of specific environmental stimuli (SA ) results in the classical conditioning of the NAcc
DA response to the environmental stimuli. Therefore, these stimuli now facilitate their own increased sensory overflow to the cortex, causing
ongoing thoughts to be predominantly about drug related stimuli and drugs, overshadowing sensory processes of other competing stimuli (S').
These ongoing thoughts increase the probability that ongoing behavior will be related to drug use and the response of drug use may alleviate
tension produced by obsessive thoughts of drugs. Use sets up reinforcement of current conditioning as well as conditioning of new
environmental stimuli.
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S'
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I
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Cortex
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S
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S'
SA

Thalamus
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NAcc
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CS

Diagram Five : The ability of drug administration to relieve focus on drug related environmental stimuli serves as a negative reinforcer for drug
administration. This results in the establishment of drug related stimuli as incentives (I) for drug using behavior. Specifically, the presence of
drug related stimuli sets the occasion for negative events that can be alleviated by drug use. Therefore, drug administration in the presence of
drug related stimuli becomes an automatic process and this process of use serves to facilitate already established associations and produce new
associations that can drive drug using behavior.
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